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Mission Statements

The Department of the Interior (DOI) conserves and manages the Nation’s
natural resources and cultural heritage for the benefit and enjoyment of
the American people, provides scientific and other information about
natural resources and natural hazards to address societal challenges and
create opportunities for the American people, and honors the Nation’s
trust responsibilities or special commitments to American Indians, Alaska
Natives, and affiliated island communities to help them prosper.

The mission of the Bureau of Reclamation is to manage, develop, and
protect water and related resources in an environmentally and
economically sound manner in the interest of the American public.

Cover photographs (top left to right, bottom left to right): High alpine snowmelt flowing into a Western
watershed; parched desert soil displaying increased drought across the West; a desert city representing increased
populations in the West that augment demand for municipal and industrial water; irrigation water from a
Reclamation Project supporting agriculture in Idaho.
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West-Wide Climate and Hydrology Assessment

Executive Summary

This 2021 West-Wide Climate and Hydrology Assessment (2021 Assessment) is the technical
companion document to the Bureau of Reclamation’s (Reclamation) 2021 SECURE! Water Act
Report to Congress. The 2021 Assessment investigates changes in climate and hydrology across
the West using approaches that align with Reclamation’s 2011 and 2016 SECURE Water Act
Reports and new techniques, data, and analyses that provide a broader assessment of future
hydroclimate changes to support water management in the West. This work is performed by
Reclamation’s Technical Service Center in partnership with the United States Geological Survey
(USGS), University of Arizona, Columbia University, Desert Research Institute, National Center
for Atmospheric Research, Aspen Global Change Institute, and in collaboration with
Reclamation regions and area offices.

The climate change analysis in the 2021 Assessment provides estimates of changes in
temperature, precipitation, snowpack, and streamflow across the West using consistent
methodology, including using statistically downscaled projections from the Coupled Model
Intercomparison Project Phase 5 (CMIP5) climate model archive. The analysis approach to
estimate changes for these hydroclimate variables followed methods similar to the 2011 and
2016 SECURE Water Act Reports. However, for the 2021 Assessment, additional data were
used, and analyses performed to provide an assessment of hydroclimate changes to support water
management in the West. Specifically, the following data and analyses are the newer aspects in
the 2021 Assessment:

e Use of statistically downscaled CMIP5 projections for Representative Concentration
Pathway (RCP) 4.5 (“lower scenario””) and RCP8.5 (“higher scenario”) developed using
the LOcalized Constructed Analogs (LOCA) method (in short, CMIP5-LOCA) in the
hydroclimate analysis.

e Use of paleohydrologic (“paleo”) data—reconstructed streamflow and reconstructed
drought index.

e Projections of drought index using the CMIP5-LOCA downscaled climate projection
data.

e West-wide drought analysis with paleo-reconstructed and projected drought index data
spanning 1473 to 2099.

e Data-driven reservoir performance risk quantification for five Reclamation reservoirs
over a range of paleo-periods and recent historical periods.

"'SECURE is the acronym for Science and Engineering to Comprehensively Understand and Responsibly Enhance.
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Executive Summary

Planning and operations model-driven reservoir performance risk quantification over a
range of paleo-period drought events and recent historical drought events on managed
river systems in Reclamation’s eight major river basins.

Recent historical and future turfgrass water demands for major urban areas in the West.

A synthesis of impacts of climate on groundwater recharge and discharge for eight case
study areas.

This report is organized with the following chapters describing the data and analysis performed
as part of the 2021 Assessment:

Chapter 2: Background on the global climate projections used in the study, including the
downscaled future climate projections, future hydrologic projections, and paleohydrology
scenarios presented in this report.

Chapter 3: Analysis of hydroclimate projections in the eight major Reclamation river
basins, focused on annual climate projections and decadal changes in temperature and
precipitation, April 1% snowpack, and mean monthly and mean seasonal runoff specific to
each basin.

Chapter 4: Analysis of the variability and characteristics of drought (duration, severity,
and frequency) for historical (1473 to 2005) and future (2006 to 2099) projected climate
conditions across the Western United States.

Chapter 5: Quantification of risks to reservoir performance using drought indices that
consider estimates of water demands and inflows into selected major reservoirs across the
Western United States, including an implicit consideration of the reservoir operating rules
used to approximate demands. The following five Reclamation reservoirs were studied:
American Falls, Canyon Ferry, Lake Powell, Millerton Lake, and Shasta Lake.

Chapter 6: Using consistent methodology, evaluation of observed historical drought
events and drought events identified in paleo-reconstructed timeseries of streamflow
(hereafter referred to as paleo droughts) on managed river systems in Reclamation’s eight
major river basins. Insights of system performance from the CMIP5-LOCA hydrology
are also discussed.

Chapter 7: Estimates of recent, historical, and future turfgrass water demands for major
urban areas in the Western United States, as a complement to estimates of historical and
future agricultural irrigation water demands developed in 2015 (Reclamation, 2015a).

Chapter 8: Synthesis of impacts of climate change on groundwater recharge and
discharge and summary of findings from recent studies conducted by Reclamation.

Chapter 9: Uncertainties in the analysis presented throughout Chapters 2 through 8 and
how these analyses may support risk-informed water management and planning even
with associated uncertainties.
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Based on the data and analyses conducted across the chapters, the following are the key
findings:

Future projections show temperatures will continue to increase (see Chapter 3).

Average annual precipitation is projected to increase in the north, particularly in the
Columbia and Missouri River Basins, and decline in the south.

Snow storage, as measured by snow water equivalents (the amount of water in snowpack)
is projected to decline, with only a few locations showing some increases, likely due to
increased precipitation.

Climate model projections indicate an increase in average drought duration and an
increase in the variability of drought duration for most of the Western United States in
the future (see Chapter 4).

Climate models also project future increases in average drought severity and in the
variability of drought severity for most of the Western United States.

The probability of severe drought is generally much higher in the paleohydrologic
reconstructions than in the instrumental period for some of the reservoirs studied.
However, given the high minimum active storage pool of the reservoirs selected for this
study, the ability of the systems to avert a drought impact based on a prior reservoir refill
cycle still relatively high in all of the five reservoirs studied (see Chapter 5).

Analysis using water resources system models across the eight major Reclamation river
basins showed the following (see Chapter 6):

o In the Boise River basin, the paleo droughts were much more severe than the
observed historical droughts. Future drought projections indicate the possibility of
more severe, but shorter duration events as compared to the paleo events, or
longer, but less severe events.

o In the Klamath River Basin, the extended drought in the first half of the 1900s
remains the most impactful drought when looking at historical and paleo droughts
considered in this report. According to the analysis performed in this report,
droughts of greater severity and of longer duration than those in the historical and
paleo-reconstruction period are possible in the future.

o In the Missouri River Basin, projected future droughts are generally comparable
to the observed historical and paleo events, but suggest the possibility of
moderate, but extremely long duration events.

o In the Rio Grande Basin, future drought projections suggested droughts of greater
severity and longer duration than any of the observed historical or paleo events.

o In the Sacramento and San Joaquin River Basins, projected future droughts are
generally of equal severity to observed historical or paleo events, but of greater
length, or alternatively shorter in length and more severe.
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o In the Truckee River Basin, projected future droughts are generally comparable to
observed historical or paleo events; however, longer duration droughts are
possible.

e Projections of future evapotranspiration and net irrigation water requirements for urban
turfgrass throughout the Western United States show substantial increases in water
demands in the future. Sixty-eight urban demand areas were selected, and detailed results
for specific seasonal turfgrass types covering a broad range of hydroclimates are given
for three selected urban areas—Las Vegas, Nevada; Los Angeles, California; and Denver,
Colorado (see Chapter 7).

e West-wide analyses of climate change impacts to groundwater recharge and discharge is
not available, and only site-specific findings are documented in Chapter 8. However, for
the Colorado River Basin—Upper Colorado River Basin and Lower Colorado River
Basin—results from a multi-year collaboration effort with the USGS are available. This
analysis was completed using the CMIP5 projections that were statistically downscaled
using the Bias Correction and Spatial Disaggregation (BCSD) method. The key findings
include:

o Recharge projections in the Upper Colorado River Basin have considerable spatial
heterogeneity throughout the basin and are seasonally variable.

o With the combined projections of increased temperature (and increased
evapotranspiration) and decreased precipitation, groundwater recharge is
projected to be substantially less than historical levels in the Lower Colorado
River Basin.

Drought analyses combined with projections of future hydroclimate conditions suggest that,
overall, drought severity and duration will increase across the West in the coming century.
However, in many locations in the West, variability in drought conditions will also increase, as
climatic conditions evolve. Collectively, the impacts of climate change on water resources
present challenges to operating Reclamation facilities to meet growing demands for water and
hydropower now, and to upgrading and maintaining infrastructure to support operations in the
future. The 2021 Assessment was conducted with a goal of providing quantitative information
using diverse datasets (paleohydrologic, instrumental, and climate projections) to support future
water management decisions across the West.
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Acronyms and Abbreviations

AOP Annual Operation Planning

ARBS American River Basin Study

ASCE American Society of Civil Engineers

ASCE-PM American Society of Civil Engineers — Environmental and
Water Resources Institute Standardized Penman-Monteith
method

BCM Basin Characterization Model

BCSD Bias Correction and Spatial Disaggregation or bias-
corrected and spatially downscaled

BIC Bayesian Information Criteria

CA-DWR California Department of Water Resources

CCWSC Clark Canyon Water Supply Company

CD cumulative deficit

CDD Carson Division water demand of the Newlands Project

cfs cubic feet per second

CMIP Coupled Model Intercomparison Project (CMIP3 and
CMIPS are CMIP phases 3 and 5, respectively)

CO2 carbon dioxide

CONUS Contiguous United States (the United States excluding
Alaska and Hawaii)

CRSS Colorado River Simulation System

CVP Central Valley Project

DCHP Downscaled Climate and Hydrology Projections

deg F degrees Fahrenheit

Delta Sacramento-San Joaquin Rivers Delta

DMDU decision making under deep uncertainty

DOE Department of Energy

DOY day of year

ET evapotranspiration

ETact evapotranspiration actual



ETbas
ETc
ETo

EX

exp
FAO
FSID
gamma
GCM
GH
GHG
GID
GIS
gumbel
HCDN
HDe

HSPF
HUC
HUC-8s
IPCC
KBPM
Kc
Kcb
Ke

km
KRBS
LCRB
llog

Inorm

basal evapotranspiration
crop evapotranspiration

reference evapotranspiration based on the 0.12-meter cool
season, clipped grass reference

excess
exponential (probability distribution)

Food and Agricultural Organization of the United Nations
Fort Shaw Irrigation District

gamma (probability distribution)

Global Climate Model

Gumbel-Hougaard

Greenhouse Gas

Greenfields Irrigation District

Geographic Information System

Gumbel (probability distribution)

Hydro-Climatic Data Network

ensemble-informed hybrid Delta (climate projection
method)

Hydrologic Simulation Program-Fortran
Hydrologic Unit Code

Hydrologic Unit Code (eight digit) watershed boundaries
Intergovernmental Panel on Climate Change
Klamath Basin Planning Model

total crop coefficient curve

basal crop coefficient

soil water evaporation coefficient

kilometer

Klamath River Basin Study

Lower Colorado River Basin

log-logistic (probability distribution)
log-normal (probability distribution)



LOCA
logis
LSOCM

MACA
MAF
MODFLOW

MODFLOW-NWT

MODFLOW-OWHM
mph

MTOM

NARCCP

NASA
NCA
NCA4
NIWR
NLDAS
NOAA
norm
NRCS
PCA
PDFs
PDSI
PGMs
PM

PM ETo or PMeto
PPT
PRBM

LOcalized Constructed Analogs
logistic (probability distribution)

current end-of-month storage objective at Lahontan
Reservoir

Multivariate Adaptive Constructed Analogs
million acre-feet

United States Geological Survey Modular Ground-Water
Flow Model

Newton-Raphson formulation for MODFLOW
(version 2005)

One-Water Hydrologic Model
miles per hour
Mid-Term probabilistic Operations Model

North American Regional Climate Change Assessment
Program

National Aeronautics and Space Administration
National Climate Assessment

Fourth National Climate Assessment

net irrigation water requirements

North American Land Data Assimilation System
National Oceanic and Atmospheric Administration
normal (probability distribution)

Natural Resources Conservation Service
Principal Component Analysis

Probability Density Functions

Palmer Drought Severity Index

plant growth models

Penman-Monteith (method of calculating
evapotranspiration)

Penman-Monteith reference evapotranspiration
precipitation

Paso Robles Basin Model



PRIHM
PRISM

PRMS
q (Ib/Ib)

RCP
RDD

Reclamation
RED

REF
RMJOC

Rs (ly/day)
SCRBS
SECURE

SECURE Water Act

SNWA
SPARROW
SVIHM
SVWM
SWA

SWB

SWE
Tmean (F)

TROA Operations Model

TSC
UCRB

Paso Robles Integrated Hydrologic Model

Parameter-elevation Regressions on Independent Slopes
Model

Precipitation-Runoff Modeling System

q is specific humidity, in pound of water per pound of dry
air

Representative Concentration Pathways
Reservoir Drought Duration

Reservoir Drought Index

Reservoir Drought Recovery

Reservoir Drought Severity

Bureau of Reclamation

Reservoir Excess Duration

Reservoir Excess Fill-up

River Management Joint Operating Committee
solar radiation (Langleys per day)
Salinas and Carmel Rivers Basin Study

Science and Engineering to Comprehensively Understand
and Responsibly Enhance

The 2009 Omnibus Public Land Management Act of 2009
(Public Law 111-11), Subtitle F of Title IX of the Act

Southern Nevada Water Authority

SPAtially Referenced Regression On Watershed attributes
Salinas Valley Integrated Hydrologic Model

Salinas Valley Watershed Model

SECURE Water Act

Soil Water Balance

Snow Water Equivalent

mean temperature (degrees Fahrenheit)

Truckee River Operating Agreement Operations Model
Technical Service Center

Upper Colorado River Basin



UMBIA Upper Missouri Basin Impacts Assessment

URGWOM Upper Rio Grande Water Operations Model

U.S. United States

USGCRP United States Global Change Research Program

USGS United States Geological Survey

VIC Variable Infiltration Capacity (hydrologic model)

WaterSMART Water (Sustain and Manage America’s Resources for
Tomorrow)

WCRP World Climate Research Programme

weibull Weibull (probability distribution)

West Western United States

WRIMS model engine, or WRIMS Water Resource Integrated Modeling System

WWCRA West-Wide Climate Risk Assessments

WWRA West-Wide Risk Assessment

W/m? Watts per square meter

° degree

°F degrees Fahrenheit

% percent

2021 Assessment 2021 West-Wide Climate and Hydrology Assessment

(companion document to 2021 SECURE Water Act Report
to Congress; this report)
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West-Wide Climate and Hydrology Assessment

1 Introduction

The Bureau of Reclamation (Reclamation), established in 1902, is best known for the dams,
powerplants, and canals it constructed within the 17 Western States of the United States.
Reclamation’s mission is to manage, develop, and protect water and related resources in an
environmentally and economically sound manner in the interest of the American public. As the
largest manager and wholesaler of Western water in the Nation, Reclamation has a responsibility
to consider potential risks to water supplies, and to help implement measures that ensure water
will be managed as effectively and sustainably as possible.

A growing risk to effective water management in the Western United States is climate change. In
recent decades, climate science has highlighted a broad suite of future challenges for managing
water, in addition to risks already posed by natural variations in climate and pressures associated
with growing populations. These challenges include impacts to water supplies, water demands,
and environmental conditions that may affect Reclamation’s ability to fulfill its mission. In light
of these challenges, Reclamation is working with its partners in the West to identify appropriate
forward-looking adaptive actions that add resiliency and reliability to water management
planning and practices.

The Omnibus Public Land Management Act of 2009 (Public Law 111-11) was enacted on
March 30, 2009. Subtitle F of Title IX of that legislation, known as the SECURE? Water Act,
recognizes that climate change poses a significant challenge to the protection of adequate and
safe supplies of water, which are fundamental to the health, economy, security, and ecology of
the United States. Section 9503 of the SECURE Water Act authorizes Reclamation to coordinate
and partner with others to ensure the use of best available science; assess specific risks to water
supply; analyze the extent to which water supply risks will impact various water-related benefits
and services; develop appropriate mitigation strategies; and monitor water resources to support
these analyses and assessments. >

Section 9503 (Reclamation’s Climate Change and Water Program) authorizes Reclamation to
assess climate change risks for water and environmental resources in the eight major
Reclamation river basins. Section 9503 also includes the authorities to evaluate potential climate
change impacts on water resource management, and to develop strategies to either mitigate for or
adapt to impacts. The eight major Reclamation river basins listed within the SECURE Water Act
include the Colorado, Columbia, Klamath, Missouri, Rio Grande, Sacramento, San Joaquin, and
Truckee River Basins. The SECURE Water Act also directs Reclamation to submit reports to
Congress 2 years after enactment and every 5 years thereafter to describe progress in carrying
out those activities. This 2021 West-Wide Climate and Hydrology Assessment (2021

2 SECURE is the acronym for Science and Engineering to Comprehensively Understand and Responsibly Enhance.

3 The SECURE Water Act also authorizes the Department of Energy (Section 9505) and the Department of the
Interior’s United States Geological Survey (Sections 9507 and 9508) to assess and report on the impacts of climate
change on national hydropower production and water data enrichment, respectively.
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Assessment, or this report) is the technical companion document to the 2021 SECURE Water
Act Report to Congress.

1.1 Reclamation’s WaterSMART Programs and Activities
Addressing the SECURE Water Act

WaterSMART (Sustain and Manage America’s Resources for Tomorrow) was established in
February 2010 by the Department of the Interior as a broad framework for Federal collaboration
with States, Tribes, local governments, and non-governmental organizations to work toward a
secure and sustainable water supply. Reclamation has implemented the climate change
adaptation activities authorized under Section 9503 of the SECURE Water Act through the Basin
Study Program, which is part of WaterSMART and supports President Biden’s new Executive
Order on Tackling the Climate Crisis at Home and Abroad.

The Basin Study Program includes a set of complementary activities that represent a
comprehensive approach to incorporate the best available science into planning activities for
climate change adaptation:

e Basin Studies — Reclamation partners with basin stakeholders to conduct comprehensive
basin studies to define options for meeting future water demands in river basins in the
West where imbalances in supply and demand exist or are projected as a result of climate
change or other stressors. In response to the identified imbalances, the basin studies
assess options and strategies for meeting future water demands. Partners can build on
completed basin studies through Water Management Options Pilots to conduct deeper
analysis of adaptation strategies, incorporate new science and data, or otherwise expand
the analysis in the completed basin study.

e West-Wide Risk Assessments (WWRAs) — Through the WWRA activity, Reclamation
develops key data on climate-induced risks and impacts to Reclamation’s operations.
Specifically, Reclamation has developed surface water hydrologic projections over the
Western United States from contemporary climate projections. These projections provide
risk assessment information for metrics described in the SECURE Water Act 9503(b)(2),
including climate change risks to snowpack, changes in the timing of streamflow, and
changes in the quantity of runoff. These data provide a foundation for future basin
studies, as well as for project-specific applications and planning activities. Reclamation
also coordinates with the United States Geological Survey (USGS), National Oceanic and
Atmospheric Administration (NOAA), National Aeronautics and Space Administration
(NASA), Department of Energy (DOE), and the Natural Resources Conservation Service
(NRCS) on climate activities through the WWRA Implementation Team.

e Applied Science Tools — Reclamation also provides Basin Study Program funding on a
competitive basis for projects to develop modeling, forecasting, and data-related tools to
improve water management and operations. Funding is available for projects by non-
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Federal entities and, separately, for projects by Reclamation staff that support technical
capacity through the development of applied science tools and information.

e Reservoir Operations Pilots — Through Reservoir Operations Pilots, Reclamation
identifies potential improvements to reservoir operations through the evaluation of
operating alternatives and use of improved forecasts and modeling tools.

e Science and Technology Program — Reclamation is also actively engaged with research
partners to develop and share information for a common understanding of climate change
impacts to water resources in the West. The Science and Technology Program is a
Reclamation-wide competitive, merit-based applied research and development program
focused on innovative solutions for water and power challenges in the Western United
States. Reclamation partners with the U.S. Army Corps of Engineers, USGS, NOAA, and
others to identify mutual science needs for short-term water management decisions and
long-term planning. These programs are fundamental to developing new information for
adapting to climate change by assessing the current state of knowledge, identifying where
gaps exist, and finding opportunities to address those gaps.

1.2 The 2011 SECURE Water Act Report

In 2011, Reclamation published the initial SECURE Water Act Section 9503(c) — Reclamation
Climate Change and Water 2011 Report to Congress (Reclamation, 2011a). That report assessed
climate change risks and how those risks could impact water operations, hydropower, flood
control, and fish and wildlife in the Western United States. It represented the first consistent
(with respect to methodology of analysis across the West) and coordinated assessment of risks to
future water supplies across the eight major Reclamation river basins and identified several
increased risks to water resources in the Western United States during the 21% century. The
report noted that projected changes in temperature and precipitation are expected to impact the
timing and quantity of streamflow in all Western river basins, which would impact the amount of
water available for farms and cities, hydropower generation, fish and wildlife, and other uses,
such as recreation.

1.3 The 2016 SECURE Water Act Report

The 2016 SECURE Water Act Report to Congress built upon the 2011 report and used the World
Climate Research Programme (WCRP) global climate projections developed through its Coupled
Model Intercomparison Project (CMIP), which are released roughly every 5 to 7 years. The
companion technical assessment to the 2016 SECURE Water Act Report, the West-Wide
Climate Risk Assessment, relied upon the most current climate projections featured in the
Intergovernmental Panel on Climate Change’s (IPCC) Fifth Assessment, which were developed
as part of the WCRP CMIP Phase 5 and are referred to here as CMIP5 Projections.
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1.4 The 2021 SECURE Water Act Report

This 2021 Assessment provides projections of future water supplies in the eight major
Reclamation river basins listed in the SECURE Water Act, characterized in a manner consistent
with the approach used in the 2016 SECURE Water Act Report. The evaluation includes an
assessment of future climate conditions over the basin (i.e., precipitation and temperature), as
well as the surface water hydrologic response (i.e., snow water equivalent, or the water available
from snowpack) and runoff.

Reclamation operators and planners rely on information about temperature, precipitation (rainfall
and snowfall), snowpack, streamflow, water demands, and groundwater to make informed
decisions. As such, assessments of how these measures may change in the future are important to
enable appropriate risk-informed decision-making, particularly in warmer, wetter, and drier
periods. In 2011, and again in 2016, Reclamation conducted West-wide assessments of future
temperature, precipitation, snowpack, and runoff changes.

Building on these prior efforts, Reclamation’s 2021 Assessment provides supporting material for
the 2021 SECURE Water Act Report using several complementary approaches that align with
previous work and also promote innovations that allow a broader assessment of future change.
Where appropriate, this report summarizes how hydroclimate projections developed since the
2016 Assessment align with previous projections. The 2021 Assessment was performed by
Reclamation’s Technical Service Center in partnership with the USGS, University of Arizona,
Columbia University, Desert Research Institute, National Center for Atmospheric Research,
Aspen Global Change Institute, and in collaboration with Reclamation Regions and Area
Offices.

In this climate and hydrology assessment, in addition to using projections of future climate,
Reclamation also incorporated paleohydrology to inform long-term planning. Paleohydrology
uses tree-ring reconstructions of hydroclimate variables (e.g., precipitation, temperature,
streamflow, etc.) to understand wet and dry conditions centuries before instrumentations
(e.g., streamflow gages) were installed. As such, paleohydrology provides tools for water
managers that complement and add value to contemporary projections of future climate and
hydrology.

In particular, paleohydrology analysis provides new consistent information to water managers on
the likelihood of drought. The term consistent refers to the same methodology across the
Western United States. This is especially useful as instrumental records (stream gages), going
back only a hundred years in most cases, capture a limited number of extreme events and may
not contain the full range of variability (droughts and wet periods) that has occurred over past
centuries. Using a longer record based in paleohydrology informs water managers whether
droughts of the distant past were similar to or more severe than observed droughts. For example,
as shown in the Colorado River Basin Study, paleohydrology reveals droughts hundreds of years
ago (e.g., in the 1500s) that are more severe than any in the observed record. A longer record of
past droughts can inform water managers about the types of droughts, and level of risk, to




West-Wide Climate and Hydrology Assessment

consider in planning studies and can complement the use of future projections of how climate
change may impact drought severity and duration.

Paleohydrology has been useful in informing water management and planning in watersheds as
explored in earlier studies supported by Reclamation’s WaterSMART Basin Studies Program,
including the Colorado River Basin Water Supply and Demand Study (Reclamation, 2012b), the
Upper Missouri Basin Impacts Assessment and Basin Study (Reclamation, 2018), and the
Reservoir Operations Pilot Study for the Washita Project (Reclamation, 2018), among others.
Further analysis of paleohydrology in other Reclamation basins and as a West-wide analysis
allows water managers greater access to paleohydrology information, providing a longer history
and consistent approach to evaluate risks with greater perspective across the entire West. New
insights are shared in the West-wide Drought Analyses (spatial maps) and Water Supply
Reliability Assessment chapters. Refer to Chapter 2 for a detailed discussion of the types of
information leveraged and developed for the 2021 Assessment.

1.5 Report Organization

The focus of this report is to describe the development of hydroclimate projections and to
provide a summary evaluation of climate change implications for water management in the eight
major Reclamation river basins listed in the SECURE Water Act. The report is organized as
follows:

Chapter 2 provides background on the global climate projections used in the study, including
the downscaled future climate projections, future hydrologic projections, and paleohydrology
scenarios presented in this report.

Chapter 3 presents an analysis of hydroclimate projections in the eight major Reclamation river
basins. The overview focuses on annual climate projections and the decadal changes in
temperature and precipitation, April 1% snowpack, and mean monthly and mean seasonal runoff
specific to each basin.

Chapter 4 presents analyses of the variability and characteristics of drought (duration, severity,
and frequency) for historical (1473 to 2005) and future (2006 to 2099) projected climate
conditions across the Western United States.

Chapter 5 presents an approach to quantify reservoir performance risk using drought indices
that consider estimates of water demands and inflows into five selected major reservoirs across
the Western United States, including an implicit consideration of the reservoir operating rules
used to approximate demands.

Chapter 6 presents a consistent West-wide evaluation of observed historical drought events and
drought events identified in paleo-reconstructed timeseries of streamflow on managed river
systems in Reclamation’s eight major river basins. Insights of system performance from the
CMIP5-LOCA hydrology are also discussed.
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Chapter 7 provides estimates of historical and future turfgrass water demands for major urban
areas in the Western United States as a complement to estimates of historical and future
agricultural irrigation water demands developed in 2015 (Reclamation, 2015a).

Chapter 8 synthesizes impacts of climate on groundwater recharge and discharge and
summarizes findings from recent studies conducted by Reclamation over approximately the last
5 years.

Chapter 9 summarizes uncertainties in the analysis presented throughout Chapters 2 through 8
and outlines how these analyses may support risk-informed water management and planning,
even with associated uncertainties.
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2 Background

This chapter describes the types of information leveraged and developed for the 2021
Assessment. This includes observed historical information, future hydroclimate projections using
downscaled global climate model simulations, and paleohydrology information in the form of
annual streamflow reconstructions. Further, an available gridded reconstruction of PDSI was
used and compared against future projections of PDSI based upon downscaled climate
projections.

2.1 Downscaled Global Climate Projections

Global Climate Models (GCMs) aim to simulate fundamental physical laws based on mass,
energy, and momentum conservation in the coupled land-atmosphere-ocean system. Governing
equations of these physical processes are solved numerically to provide a time evolution of state
variables representing the Earth’s climate. These simulations require vast computational
resources. Thus, in practice, GCM simulations are performed at horizontal computational grid
resolutions (about 100 kilometers (km)) that are nearly an order of magnitude greater than the
spatial scale of interest for most regional climate impacts assessments (e.g., about 10 km or
finer). Among other factors, the simulation of physical processes at a coarse spatial resolution
leads to systematic discrepancies in comparisons between simulation results and observations. In
order to obtain credible simulations of variables relevant to a climate impacts assessment, such
as precipitation and temperature, among others, it is necessary to reduce or eliminate such model
discrepancies.

Projections of future climate conditions have been developed by the climate modeling
community using a wide range of GCMs forced with emissions scenarios. The emission
scenarios encapsulate possible future trajectories of global greenhouse gas emissions and the
corresponding atmospheric composition. The World Climate Research Programme established
the Coupled Model Intercomparison Project (CMIP) in 1995 to facilitate broad analysis and
application of GCMs. The CMIP framework provides standards for modeling and guidelines for
comparing GCM results developed by the climate modeling community. The GCM simulations
performed within the CMIP framework form the basis for periodic global and national climate
impacts assessments. Examples of such climate impact assessments include the ones conducted
by the Intergovernmental Panel on Climate Change, specifically the Third, Fourth, and Fifth
Assessment Reports (IPCC 2001, 2007, and 2014). An example of a national assessment is the
National Climate Assessment conducted every 4 years by the United States Global Change
Research Program (USGCRP). In 2017, the USGCRP released the Fourth National Climate
Assessment (NCA4). The USGCRP is mandated by Congress to coordinate Federal research and
investments to understand the forces shaping the global environment.
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To date, the contemporary climate assessments mentioned above use GCM-based climate
projections from two CMIP phases: (1) CMIP Phase 3 (CMIP3) multi-model dataset completed
in 2007, and (2) CMIP Phase 5 (CMIP5) multi-model dataset completed in 2013. Modeling
experiments using CMIP Phase 6 (CMIP6) are currently underway.

For this report, no variables from these or other future climate projections were used directly
from GCMs at their native geospatial scales. Because the GCMs are run to simulate climate over
the whole Earth for 100 years or more, their geospatial scales are large—on the order of 100 to
200 km on a grid side. These native-scale outputs must be post-processed to make them useful at
the finer spatial and temporal scales (e.g., daily) where assessment questions mostly arise.

The coarse GCM outputs must be downscaled to a spatial scale that is appropriate for impact
assessment studies and to correct for inherent biases in GCM outputs. The downscaling process
is a current area of active research, and there is a continuum of downscaling methods ranging
from statistical approaches to physically oriented dynamic modeling methods. The climate
projections used in the hydroclimate analysis for this report were derived from GCM projections
that were downscaled using a statistical method referred to as LOcalized Constructed Analogs
(LOCA) method of empirical-statistical downscaling (Pierce et al., 2014). In this approach,
regional climate patterns are translated to local-scale through regional pattern matching. In
regional pattern matching, the best-matching historical days (e.g., 30 days) are identified as
compared to coarsened observations and they are used to describe the local scale spatial
relationship for each grid point being downscaled. In addition, LOCA selects the single best
analog based on the nearest grid cells from a pool of analogs selected based on the larger
regional pattern. The CMIP5-LOCA projection set provides the primary source of downscaled
projections presented in the Fourth National Climate Assessment (USGCRP, 2018) and Fourth
California State Climate Assessment (Pierce et al., 2018).

The West-Wide Climate Risk Assessment of the 2016 SECURE Water Act Report (Reclamation,
2016¢c) was based on the monthly CMIP5 Bias Correction and Spatial Disaggregation (BCSD)
climate projection dataset, whereas this report has been based on the daily CMIP5-LOCA
climate projections. A brief description follows detailing the difference between the CMIP5-
BCSD and CMIP5-LOCA climate projection datasets. Specifically, this description focuses on
the climate projections that are provided through the Downscaled Climate and Hydrology
Projections (DCHP) archive (Maurer et al., 2014). The DCHP archive has been the primary
resource for Reclamation’s WaterSMART studies.

The downscaled monthly CMIP5-BCSD climate projections available from the DCHP archive
include results from 36 GCMs. Each of these GCMs was used for a minimum of four
simulations, reflecting forcing of the climate system with four emission scenarios. The emissions
scenarios in the CMIP5 archive are the same as those defined in the IPCC Fifth Assessment
(IPCC, 2014) where they are referred to as Representative Concentration Pathways (RCPs).
These scenarios are designated as RCP2.6, RCP4.5, RCP6.0, and RCP8.5. The numeric value for
each RCP represents the possible range of radiative forcing values by the year 2100 relative to
pre-industrial era (e.g., +2.6 Watts per square meter (W/m?), +4.5 W/m?, etc.). In this BCSD
dataset, the observation dataset developed by Maurer et al. (2002) is used to develop
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relationships between observed historical data and GCM-simulated historical data. The
observation dataset has a grid spacing of 1/8" degree, about 12 km, and the training period used
is 1950 to 1999. Relationships between observed historical and simulated historical climate are
used to correct for systematic biases in the model simulations. To provide hydrologic variables
such as snow water equivalent, evapotranspiration, and runoff, the downscaled climate
information is used to run the Variable Infiltration Capacity (VIC; Liang et al., 1994; Liang et
al., 1996; Njissen et al., 1997) hydrologic model, though these earlier datasets use an earlier VIC
version 4.1.2 at 1/8" degree grid spacing.

The downscaled daily CMIP5-LOCA climate projections available from the DCHP archive
include results from 32 GCMs. Each of these GCMs was used for two simulations, reflecting
forcing of the climate system with RCP4.5 and RCP8.5. The NCA4 identified RCP4.5 and
RCP8.5 as the core scenarios representing an appropriate range of future conditions, stating,
“NCA4 focuses on RCP8.5 as a ‘higher’ scenario, associated with more warming, and RCP4.5 as
a ‘lower’ scenario with less warming. Other RCP scenarios (e.g., RCP2.6, a ‘very low’ scenario)
are used where instructive, such as in analyses of mitigation of science issues” (USGCRP, 2018).
Reclamation has consistently relied on a broad range of possible climate scenarios when
assessing the risks and impacts from climate change, considering each as equally likely to best
characterize the range of possible futures. Scenarios contained within the West-Wide Climate
Risk Assessment of the 2016 SECURE Water Act Report are incorporated in this report, which
remains a state-of-the-art assessment of potential future climate and hydrology using RCP2.6
through RCP8.5. Additionally, this 2021 Assessment summarizes potential outcomes from
RCP4.5 and RCPS8.5, including additional downscaling methodologies as described in this report.
Reclamation’s use of a range of RCPs—without assigning probabilities to any individual climate
modeling experiment—reflects Reclamation’s commitment to understanding uncertainties
associated with future projections and to identifying a fuller range of possible outcomes
consistent with the current state of the practice in water resources climate impact assessments.

Figure 1 and Figure 2 show Coupled Model Intercomparison Project Phase 5 (CMIPS5)
projections using Bias Correction and Spatial Disaggregation (BCSD) and LOcalized
Constructed Analogs (LOCA) distributions of annual mean temperature and total precipitation
projections, respectively. These projections are shown for the range of Representative
Concentration Pathways (RCPs) for key locations in the eight major Reclamation river basins.
The key locations are as follows (see Table 1 for location latitude and longitude information):

e Colorado — Colorado River above Imperial Dam

e Columbia — Columbia River at The Dalles

e Klamath — Klamath River near Klamath

e Missouri — Missouri River at Omaha

e Rio Grande — Rio Grande at Elephant Butte Dam

e Sacramento-San Joaquin — Sacramento-San Joaquin Rivers at Delta

e Truckee — Truckee River at Nixon
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In each sub-plot of Figure 1 and Figure 2, which represents a key location in one of the eight
major Reclamation river basins listed above, the heavy line is the median value for each year
across the range of projections. The shaded area is the annual time series of 10 to 90™
percentiles. For CMIP5-BCSD, RCPs 2.6, 4.5, 6.0 and 8.5 are shown, and for CMIP5-LOCA,
projections are shown for RCP4.5 and RCP8.5. The LOCA and BCSD ensemble presents a
collective view of temperature and precipitation projections from the available full range of

downscaled RCPs—2.6 through 8.5.
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Figure 1. CMIP5 BCSD and LOCA distribution of annual mean temperature projections across RCPs.

Note: In each sub-plot, which represents a major Reclamation river basin location, the heavy line is the annual time series median

value (i.e, median). The shaded area is the annual time series bounded by the 10% to 90" percentiles.
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Figure 2. CMIP5 BCSD and LOCA distribution of annual total precipitation projections across RCPs.

Note: In each sub-plot, which represents a major Reclamation river basin location, the heavy line is the annual time series median
value (i.e, median). The shaded area is the annual time series bounded by the 10™ to 90" percentiles.

The historical dataset used for LOCA to develop relationships between observed historical
climate and simulated historical climate by the GCMs was developed by Livneh et al. (2015),
and the training period used is 1950 to 2005. In contrast, BCSD was trained on Maurer et al.
(2002). These two observed datasets generally use the same approach for computing gridded
climate fields from the station data available at the time they were developed; however, the
Livneh et al. (2015) dataset has a higher resolution, leading to differences between it and the
Maurer et al. (2002) dataset in local extremes and variability. The LOCA method uses local
historical spatial patterns and has a bias correction method that includes a frequency-dependent
correction to improve the simulation of natural climate variability and attempts to preserve the
original GCM-predicted change in the bias-corrected result (Pierce et al., 2015). To provide
hydrologic variables (including evapotranspiration, runoff, and snow water equivalent, among
others), the downscaled precipitation and temperature are input into the VIC hydrologic model,
version 4.2.c, at 1/16™ degree grid spacing. The VIC hydrologic model configuration used was
cited in Livneh et al. (2013), which used model parameters calibrated over many years on a 1/8"
degree grid and moved them to a 1/16" degree grid with only a few modifications.
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LOCA-downscaled climate and simulated hydrology were evaluated in this report as a set of two
experiments—first as near-term projections of the next few decades through 2035, and second as
the long-term projections through the end of the 21% century (Taylor et al., 2012). Additionally, a
detailed comparison of CMIP5 climate projections based on the BCSD downscaling method and
the LOCA downscaling method is presented by Vano et al. (2020).

The next section describes the development of hydrologic projections using the monthly CMIPS5
projections in the DCHP archive.

2.2 Hydrologic Projections

In this report, projections of future climate and hydrology are summarized for each of the eight
major Reclamation river basins, consistent with the past 2011 and 2016 SECURE Water Act
hydroclimate reports. The projections are based on downscaled GCM climate projections as
summarized in the previous section. Corresponding projections of streamflow were developed
using methods summarized above and synthesized in the next section.

The methods used in the 2011 and 2016 West-Wide Climate Risk Assessments hydroclimate
projections reports for developing hydrologic projections from climate projections were based on
the macro-scale hydrologic model VIC (Liang et al., 1994; Liang et al., 1996; Nijssen et al.,
1997). This current study is based on VIC model version 4.2.c. The VIC model is a gridded
macro-scale (grid resolution greater than 1 km) hydrology model that is spatially distributed and
solves the water balance at each model grid cell. The grid resolution for the VIC application is
1/16™ degree latitude by 1/16'" degree longitude (approximately 6 km by 6 km), which is the
same grid resolution for the LOCA-downscaled CMIPS5 climate projections. The model was
initially developed as a land-surface model for direct integration with GCMs, but it now is run
almost exclusively as a standalone hydrology model using a daily simulation timestep.

Future projections of snowpack (in the form of snow water equivalent, or SWE), as well as
runoff and streamflow, are based on simulations using the VIC model with inputs of future
climate projections (precipitation and temperature) described previously. The VIC model
simulates runoff and streamflow that are unimpaired, meaning not affected by human influence
(such as storage in dams or diversions for cities and irrigation networks). Further, the model is
also based on an assumption of static land cover. Vano et al. (2020) describe in more detail the
selected configuration of the VIC model for developing CMIP5-LOCA hydrology projections.
Other surface hydrologic models may simulate dynamic vegetation and carbon dioxide effects on
vegetation growth, but those were not considered in this report. Chapter 3 summarizes projected
changes in snowpack, runoff, and streamflow based on the output from VIC model simulations.
As was done in 2011 and 2016, routed streamflow was developed for the 43 selected locations
given in Table 1. Analysis of the climate and streamflow data is presented in Chapter 3.
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Table 1. Descriptions for the 43 West-wide reporting locations

River Basin(s)* Site Name and Description Latitude Longitude | State(s)
Colorado River at Lees Ferry 36.8647 -111.5875 AZ
Colorado River above Imperial Dam 32.8834 -114.4685 CA-AZ
Green River near Greendale 40.9086 -109.4224 uT
Colorado
Colorado River near Cameo 39.2392 -108.2656 Cco
Gunnison River near Grand Junction 38.9766 -108.4562 CcO
San Juan River near Bluff 37.1469 —109.8642 uT
Snake River at Brownlee Dam 44.8389 -116.8995 ID
Columbia River at Grand Coulee 47.9656 -118.9817 WA
Columbia River at The Dalles 45.6075 -121.1722 OR
Columbia |Yakima River at Parker 46.5061 —-120.4519 WA
Deschutes River near Madras 44.7261 —-121.2465 OR
Snake River near Heise 43.6128 -111.6600 ID
Flathead River at Columbia Falls 48.3619 -114.1839 MT
Williamson R. below the Sprague River 42.5577 —121.8442 OR
Klamath River below Iron Gate Dam 41.9281 —122.4431 CA
Klamath Klamath River near Seiad Valley 41.8529 -123.2311 CA
Klamath River at Orleans 41.3036 -123.5336 CA
Klamath River near Klamath 41.5111 —123.9783 CA
Missouri River at Canyon Ferry Dam 46.6494 -111.7275 MT
Milk River at Nashua 48.1297 -106.3639 MT
South Platte River near Sterling 40.6192 -103.1886 CcO
Missouri
Missouri River at Omaha 41.2589 -95.9222 NE
Bighorn River at Yellowtail Dam 45.3079 -107.9567 MT
North Platte River at Lake McConaughy 41.2145 -101.6434 NE
Rio Grande near Lobatos 37.0786 -105.7564 Cco
Rio Chama near Abiquiu 36.3183 -106.5972 NM
Rio Grande
Rio Grande near Otowi 35.8762 —-106.1433 NM
Rio Grande at Elephant Butte Dam 33.1563 -107.1905 NM
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River Basin(s)* Site Name and Description Latitude Longitude | State(s)
Pecos River at Damsite No. 3 near Carlsbad 32.5114 -104.3342 NM
Sacramento River at Freeport 38.4561 -121.5003 CA
Sacramento River at Bend Bridge near Red Bluff | 40.2642 -122.2219 CA
Feather River at Oroville 39.5217 —121.5467 CA
San Joaquin River near Vernalis 37.6761 —-121.2653 CA
SSZ‘:-T::‘:::: Stanislaus River at New Melones Dam 37.9472 —-120.5292 CA
Sacramento-San Joaquin Rivers at Delta 38.0645 —-121.8567 CA
San Joaquin River at Millerton Lake (Friant Dam) | 36.9981 -119.7066 CA
American River at Fair Oaks 38.6366 -121.2284 CA
Tulare-Buena Vista Lakes 36.0524 -119.7187 CA
Little Truckee River below Boca Dam 39.3883 —-120.0950 CA
W.F. Carson River at Woodfords 38.7697 —-119.8328 CA
Truckee Truckge River at Farad Gage (just above CA 39.4540 120.0063 CA
State line)
Truckee River at Nixon Gage 39.7780 -119.3392 NV
Carson River at Fort Churchill Gage 39.3272 —-119.1508 NV

* Note: The Pecos, Tulare, and Carson are not SECURE Water Act (SWA) River Basins, but are included respectively under the Rio
Grande, Sacramento and San Joaquin, and Truckee River Basins because they are of interest from a water operations standpoint.
Further, in this report, future projections of a common drought index, Palmer Drought Severity
Index (PDSI; Palmer, 1965), have been developed to provide additional context to the variability
of future water supply. This information is introduced in the next section.

2.3 Reconstructed and Projected Drought Index

Knowing more about the occurrence of drought events will help stakeholders prepare and
subsequently adapt to changing hydroclimate conditions. In this report, Reclamation has
developed a risk-informed framework to support water management decisions by way of a range
of data and tools based on current science.

One component of that framework is a dataset to explore drought events that leverages existing
information, as well as encompasses newly developed information. Reclamation and study
partners developed tools and information based on paleohydrology reconstructions to evaluate
dry and wet period characteristics and analyze probabilities of shifting between a wet state or dry

14
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state (regime shifts). A West-wide analysis of drought and hydrologic regime shifts using PDSI
are described in Chapter 4 of this report.

The analyses are performed using the PDSI (Palmer, 1965) to define drought events. The
advantage of using PDSI to define droughts is that it focuses explicitly on droughts driven by
hydroclimate variability (see Section 9.3 for more on advantages and disadvantages of different
drought measures). The historical period used in this analysis includes the years 1473 to 2005,
which encompasses the beginning of the available PDSI reconstruction to 2005, which is the end
of the historical period over which climate projections were trained. The PDSI data for this
period were leveraged from the Cook et al. (2010) PDSI dataset, which provides tree-ring based
reconstructions of average June-July-August PDSI on a 0.5-degree (°) latitude by 0.5° longitude
spatial resolution for the years 0 to 2017 (see Section 4.1 for more details regarding PDSI data).

Future projections of PDSI were developed based on CMIP5-LOCA climate projections using
the Wells (2003) model for computing PDSI. Thus, time series of PDSI data covering the period
1473 to 2099 was developed for use in the analyses. The PDSI model (Wells, 2003) was run
using projected temperature and precipitation for each available CMIP5-LOCA projection to
calculate gridded monthly PDSI values, again for each projection, for each of the 1/16" degree
grid cells for the period 1950 to 2099. Subsequently, for each projection, the monthly PDSI
magnitudes were averaged to summer (June-July-August average) values for consistency with
the historical PDSI analysis. As a final step, the summer season PDSI values for the 1/16™ degree
grid cells then were aggregated to the 1,255 USGS eight-digit Hydrologic Unit Codes (HUC-8s).

2.4 Streamflow Reconstructions and Drought Definition

Additional analyses in this report use water-year annual streamflow reconstructions based on
tree-rings. In recent years, tree-ring based reconstructions of streamflow have been increasingly
used to evaluate how well water systems throughout the West would manage if droughts like
those that have occurred in the distant past were to occur today. More specifically, they have
been used to broaden the perspective of long-term water supplies in multiple Reclamation basins
via their incorporation into the Basin Study Program (Reclamation, 2012b; Reclamation, 2018).
In ideal situations, reconstructions can extend annual estimates of past streamflow at key
monitoring locations by up to 1,000 years or more. Due to their great length, these records can:
(1) help characterize the long-term patterns of variability that influence drought and flood risk
over time (Gangopadhyay et al., 2019); (2) provide greater perspective on the likelihood of
particularly challenging wet and dry periods that have posed historical challenges for water
management (Meko et al., 2007; Woodhouse et al., 2010; Martin et al., 2020); and (3) establish a
robust baseline of natural internal climate variability from which to estimate future change
(Prairie et al., 2008). The extreme wet and dry conditions often represented in reconstructions,
but which are lacking in the short instrumental record, also help managers test infrastructure and
operational strategies under these stressful conditions using model simulations.

15



Background

The basic process of reconstructing streamflow from tree-rings relies first on the science of
dendrochronology in which the growth rings of trees are accurately dated by calendar year and
measured for growth characteristics (Douglass, 1941; Stokes and Smiley, 1968; Fritts, 1976).
Because the annual growth of many trees is largely a function of climate conditions prior to and
during the growing season, the long growth records of older trees can serve as valuable “proxy”
records of inter-annual climate variability over the entire lifespan of a tree (Fritts, 1976). Tree
rings are used to develop chronologies, or timescale information about wet years and dry years.
The steps in developing the chronologies include, selecting appropriate sites for trees, developing
the tree-ring chronologies from the sampled trees’ annual tree-rings, and developing the
empirical (statistical) models between chronologies and annual flows. Since inter-annual
streamflow variability is also closely related to climatic conditions over the course of the water
year, tree-rings record valuable information on the drivers of streamflow that can be used to
estimate streamflow variability over time. There is a fundamental question about how a changing
climate may impact the relationships between tree rings and streamflow, and whether the
hydroclimate conditions of the distant past are informative for the future. This is a question not
easily answered, particularly because relationships in the current form typically rely on a century
of instrumental records and climate change has been observed over that same duration,
confounding analysis. Still, hydroclimate conditions have occurred in the paleo-reconstructed
period that have not been observed in the instrumental record and these conditions are valuable
to consider in an assessment of water management risks.

The general approach to reconstructing streamflow involves the statistical correlation of growth
patterns in tree-rings to variability in an observed streamflow record. This allows for the
development of a statistical reconstruction model that can then be used to estimate annual flow
from annual growth rings. Most often, the approach takes the form of a multiple linear regression
model based directly on composite tree-ring records called chronologies. Chronologies are
developed from multiple trees for multiple sites (Meko and Graybill, 1995; Woodhouse et al.,
2006; Woodhouse, 2001), but may use larger pools of tree-ring data via the principal components
(i.e., a statistical summary of common variance) of numerous chronologies (Hidalgo et al., 2000;
Littell et al., 2016), or may employ other non-parametric or Bayesian network models
(Gangopadhyay et al., 2009; Ravindranath et al., 2019). The skill of the tree-ring data is assessed
in terms of variance explained. The accuracy of the reconstruction is also tested against the
observed record using the process of cross-validation—a process that quantifies predicted
streamflow from the statistical model against observed data not used in the calibration process,
or an independent dataset (Fritts, 1976; Briffa et al., 1988).

Fundamentally, there is uncertainty associated with correlating tree-rings with annual streamflow
using a statistical model. Probabilistic interpretations of flow reconstructions are needed because
of uncertainty stemming from limitations of the basic data, from the reconstruction process itself,
and from the choice of analytical methods. Important differences in these reconstructions can
largely be traced to differences in basic tree-ring data, hydrologic data, and modeling choices.
Section 9.2 further describes the steps in developing streamflow reconstructions and important
uncertainties to consider. This uncertainty stems from methodological choices inherent to the
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techniques, as well as a limited understanding of how past variability characteristics will persist
under changing future climate conditions.

The 2021 Assessment used 152 streamflow reconstructions for various gaging locations across
the eight major Reclamation river basins (refer to Figure 3) and focused on records at 10 key
locations across the West for incorporation into river management system modeling exercises
(Chapter 6). This allowed for a continuous estimate of streamflow variability across
Reclamation’s full operational area from 1685 to 1977, which provides an assessment period of
over 300 years when combined with existing observational streamflow records.

Pacific
Ocean

US States

Locations of Paleo-recenstructed Steamflow
® 2021 Assessment
®  TreeFlow ihilpy /v treellow infof)
B USGS ScienceBase (https:f/doi.arg/10.5066/PICYYEDN)
() Used for Water Supply Reliability Assessment
8 Major Reclamation Basins
771 colarada River 8asin
4 Celumbia River Basin
0 Kamath River Basin
| Missouri River Basin
_‘ Ria Grande River Basin
|| sacramento and San Josquin River Basins
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Figure 3. Locations of available 152 streamflow reconstructions.

Note: The brown filled squares represent sites referenced by ScienceBase, red filled circles represent sites compiled in TreeFlow, and
black filled circles represent sites that were developed as part of this report. Sites surrounded by larger open circles were used as

part of the Water Supply Reliability Analysis (Chapter 6).

Table 2 provides a list of 47 additional streamflow reconstruction locations beyond the 105 that
were already cited by Gangopadhyay et al. (2019).
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Table 2. Additional 47 streamflow reconstruction locations beyond the 105 that were already cited by

Gangopadhyay et al. (2019)

Nearest .
. Reclamation State or Start End
Reconstruction Name Stream Gage R . X
D" River Basin Province Date Date
Columbia River at the Dalles 14105700 Columbia OR 1685 1977
Boise River at Boise 13202000 Columbia ID 1450 2001
Crooked River below Opal 14087400 Columbia OR 1450 1998
Springs near Culver
Deschutes River near Madras 14092500 Columbia OR 1500 1980
Green River at Auburn 12113000 Columbia WA 1500 1980
Kootenay River at Glade 08NJ0O1 Columbia BC 1500 1980
Kootenay Lake Outflow near 08NJ158 Columbia BC 1500 1980
Corra Linn
Kootenai River below Libby 12301933 Columbia MT 1486 1982
Dam near Libby
Kootenai River at Bonners Ferry | 12309500 Columbia ID 1500 1980
Brownlee Res at Brownlee Dam | 13289710 Columbia ID 1500 1980
North Fork Clearwater River at 13341000 Columbia ID 1451 1982
Ahsahka
Salmon River at White Bird 13317000 Columbia ID 1451 2006
Columbia River at Grand Coulee | 12436500 Columbia WA 1486 1983
North Fork Payette River at 13245000 Columbia ID 1451 2006
Cascade
Clark Fork at Whitehorse Rapids | 12392000 Columbia ID 1451 2003
near Cabinet
Flathead River near Polson 12372000 Columbia MT 1486 1982
Clark Fork near Plains 12389000 Columbia MT 1500 1980
Pend Oreille River near Waneta | Not applicable | Columbia NA 1437 1982
Dam
Sandy River below Bull Run 14142500 Columbia OR 1437 1982
Spokane River at Long Lake 12433000 Columbia WA 1500 1980
Columbia River at Birchbank 08NE049 Columbia BC 1497 1983
Columbia River above 08NDO011 Columbia BC 1391 1996
Steamboat Rapids
South Fork Boise River at 13190500 Columbia ID 1500 1980
Anderson Ranch
Snake River at CJ Strike Dam 13171620 Columbia ID 1500 1980
Snake River at Milner 13087995 Columbia ID 1485 1983
Owyhee Reservoir Inflow 13183000 Columbia OR 1500 1980
Boise River near Parma 13213000 Columbia ID 1500 1980
Payette River near Payette 13251000 Columbia ID 1450 1998
Henrys Fork near Rexburg 13056500 Columbia ID 1489 1985
Owyhee River near Rome 13183000 Columbia OR 1500 1980
Teton River at Mouth Not applicable | Columbia ID 1440 1983
Snake River near Heise 13037500 Columbia ID 1500 1980
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Nearest q
. Reclamation State or Start End
Reconstruction Name Stream Gage R . .
D" River Basin Province Date Date
Willamette River at Albany 14174000 Columbia OR 1500 1980
Willamette River at Salem 14191000 Columbia OR 1500 1980
Yakima River at Kiona 12510500 Columbia WA 1451 1982
Flathead River at Hungry Horse | 12362500 Columbia MT 1450 1980
Arroyo Seco River at Pasadena 11098000 NA CA 1404 2016
Santa Ana River near Mentone 11051500 NA CA 1404 2016
Kern River below Isabella 11191000 San Joaquin CA 1404 2016
Swiftcurrent Creek at Sherburne | 05016000 Missouri MT 1026 2008
St. Mary River near Babb 05017500 Missouri MT 1026 2000
St Mary River near International | 05020500 Missouri MT 1026 1999
Boundary
North Fork Milk River above St. | 06133500 Missouri MT 1347 2006
Mary Canal near Browning
Milk River at Western Crossing | 06133000 Missouri MT 1018 1999
of International Boundary
Frenchman River at 06164000 Missouri MT 1741 2008
International Boundary
Lodge Creek at International 06144500 Missouri MT 1581 2000
Boundary
Battle Creek at International 06149500 Missouri MT 1730 2005
Boundary

* Streamflow gages with alphanumeric ID are located in Canada.

To estimate the risks associated with future drought and pluvial events, it is necessary to quantify
the long-term likelihood of such events through both their magnitudes and durations over time.
This information allows managers to improve strategies for mitigating the unwanted effects of
too much or too little water and provides a baseline assessment of risk on which to project
estimates of changing future water supplies. The first step in describing drought and pluvial
dynamics over time is to develop a definition for what constitutes a drought or pluvial event.
Definitions useful to management are often tied to the types of events that represent risks to
infrastructure or operations. For the purpose of this work, a drought or (pluvial) event is defined
as:

An event beginning with, and including, two or more consecutive years of streamflow
below (above) the median flow level that is ended only by, and excludes, two or more
consecutive years of streamflow above (below) the median flow level. An event may
include one or more individual wet (dry) years within the drought (pluvial) only when
bounded on both sides by dry (wet) years.

The median flow is computed over the duration of the paleo-reconstructed streamflow record. As
an example, drought events in the paleo-reconstructed period are defined for the Missouri River
at Toston, Montana, and illustrated in the upper panel of Figure 4 by brown-shaded regions. The
lower panel of Figure 4 illustrates the drought definition for a single drought in the observed
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historical period—the Dust Bowl drought of the 1930s. The same definition was applied to each
of the 152 streamflow reconstruction locations identified previously (Figure 3).

Missouri River at Toston MT
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Figure 4. lllustration of drought definition used in the example in Chapter 6 shown for Missouri River at
Toston, Montana.

Note: Black horizontal line shows the median flow for the period of record, and the brown shading highlights the classified drought
years

ft3/sec = cubic feet per second

This drought definition captures the prolonged nature of potentially challenging wet and dry
periods and recognizes that such events generate cumulative water deficits and surpluses, despite
the brief cessation of difficult conditions that may occur during a single intervening wet or dry
year. The second step in describing drought and pluvial dynamics over time is to quantify the
magnitude and duration of each event. This can be accomplished in many ways; however, for the
purpose of this work, five measures of magnitude and/or duration were determined for each
event. These included the event duration (measured in years), the intensity (measured as the
average annual flow deficit/surplus over the length of the event), the cumulative deficit/surplus
(measure as the sum of annual deficits/surpluses over the length of the event), the variability
(measured as the variance of annual flows over the length of the event), and how quickly the
event developed (assessed as the lowest/highest value averaged over the first 5 years of the
drought/pluvial event).

20



West-Wide Climate and Hydrology Assessment

As an example, Figure 5 illustrates the maximum cumulative deficit (in acre-feet) for each of the
152 locations illustrated in Figure 3, calculated using the above drought definition over the
period 1685 to 1977. The largest cumulative deficits appear in the wettest parts of the Western
United States, namely the Pacific Northwest and California. Cumulative deficit is highly
correlated with the average magnitude of streamflow, so regions with large deficits generally
have higher average streamflow.
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Figure 5. Drought events with maximum cumulative deficit (in acre-feet) over common years 1685 to
1977 for 152 streamflow locations.

Note: Drought events with maximum cumulative deficit as calculated using the selected drought definition for this analysis for each
of 152 streamflow reconstruction locations.

As another example, Figure 6 illustrates the maximum drought length (in years) for each of the
152 locations illustrated in Figure 3, calculated using the same drought definition and time
period. The longest droughts have also appeared in the Pacific Northwest; however, long
droughts of 40 years or more did occur throughout the Western United States.
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Figure 6. Drought events with maximum drought length (in years) over common years 1685 to 1977 for
152 streamflow locations.

Note: Drought events with maximum drought length as calculated using the selected drought definition for this
analysis over common years 1685 to 1977 for each of the 152 streamflow reconstruction locations.

Droughts with the largest cumulative deficit are further investigated in Chapter 6. Ten of the
152 streamflow reconstructions were used to develop inputs to river systems models to evaluate
how these drought events impact water management.

The choice of drought definition and the choice of paleo-reconstruction period of analysis can
have important implications for the identification of drought events. These methodological
choices introduce uncertainty into the analysis and results need to be examined with a full
understanding of the choices made and the limitations introduced when selecting drought events.
An illustration of this point is discussed below with respect to the Colorado River Basin, where
several streamflow reconstructions exist for the Colorado River at Lees Ferry location over
different time periods in the paleo record and allow for an evaluation of differences in identified
drought events. Similar uncertainty exists in all basins, though it may not be possible to directly
examine given the more limited paleo-reconstructions available.

Streamflow reconstructions for the Colorado River at Lees Ferry have been previously used in
the Colorado River Basin Water Supply and Demand Study (Reclamation, 2012b), as well as
other water planning and management efforts within the basin.
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The Woodhouse et al. (2006) streamflow reconstruction (Lees-B) has a record of 1490 to 1997.
A subset of that record (1685 to 1977) was used to inform the storage-deficit ratio analysis
(Chapter 5) and water supply reliability evaluation in this report (Chapter 6). A reconstruction
was also developed by Meko et al. (2007) over a longer period, 762 to 2005. More recently, yet
another reconstruction at the same location was developed for the California Department of
Water Resources (CDWR) and spans 1116 to 2015 (described in Lukas et al., 2020).

An analysis was performed to understand the sensitivity of identified drought events to the
reconstruction record used to inform them. For example, droughts further investigated in
Chapter 6 were identified using the Woodhouse et al. (2006; Lees-B) reconstruction over the
period 1685 to 1977. Had the full Lees-B reconstruction been used, this median flow level would
have increased by just under 150,000 acre-feet (from 14,604,117 acre-feet to 14,752,460 acre-
feet). Further, if the Meko 2007 reconstruction had been used, this median flow level would have
increased slightly more (14,833,860 acre-feet).

To illustrate how the median flow impacts the identification of drought that would have been
used in Chapter 6 had the full Lees-B reconstruction been used, droughts were identified using
both the full median flow for 1490 to 1998 and the common period median flow (1685 to 1977)
over the full reconstruction length.

The analysis found that one drought is affected by choice of median flow. This indicates that the
drought definition is relatively insensitive to moderate changes in the long-term median flow
level for the Woodhouse et al. (2006; Lees-B) reconstruction. Perhaps more informative, the
analysis revealed that there were drought events in the full Woodhouse et al. (2006; Lees-B)
record (i.e., prior to 1685) that ranked higher in terms of cumulative deficit than the droughts
used in this report. The other two reconstructions (Meko et al., 2007 and CDWR, 2017) both
extend further back in time than Lees-B and identify additional droughts that exceed the droughts
considered in this report. Available information developed for the Colorado River Basin
illustrates that methodological choices related to drought definition and data used may impact the
selection of drought scenarios used in assessments such as this one.

2.5 Storyline of Analyses for Risk-Informed Decision-Making

As previously discussed, the 2021 Assessment provides additional information beyond
hydroclimate projections and analysis provided in the 2011 and 2016 assessment reports.
Hydroclimate analysis provides valuable information on projected changes in temperature,
precipitation, and simulated natural streamflow that would occur in the absence of water
management. The West-wide drought analysis, presented in Chapter 4 of this report, offers
context by evaluating droughts of the distant past through quantification of a common drought
measure (PDSI) based on hydroclimate variability. The frequency and duration of droughts
characterized by natural conditions (i.e., with consideration of evapotranspiration demands from
the natural landscape, but not from the human-altered landscape such as agricultural fields)
provides information to understand the variability of drought and pluvial (wet) events over long
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time scales. It also allows for evaluation of the same information into the future using climate
projections.

The analyses performed in Chapter 5 offer a purely data driven evaluation of drought impacts on
five managed river systems based on observed historical records and paleo-reconstructed
streamflow records. Water demands are implicitly incorporated into this data-driven approach
through use of observed data that reflects diversions, return flows, storage, and losses. Although
this approach requires simplifying assumptions on river operations, it offers a broad view of
drought impacts without the investment of detailed water supply reliability assessments, which
were performed and summarized in Chapter 6 of this report. The data-driven approach provides a
high-level view of water supply availability compared to demands over time.

The analysis in Chapter 6 may be thought to build upon that presented in Chapter 5 in terms of
complexity of approach. Chapter 6 analyses are based on detailed water supply reliability
assessments conducted in case study river basins. Each individual case study analysis requires
detailed input data of inflows and water demands, as well as a robust modeling framework to
account for river operations, infrastructure, and management constraints. In this report, water
supply reliability analyses were performed using the observed historical record and drought
events from the paleo-reconstructed period.

Together, these analyses provide a sample of approaches that facilitate understanding of the
frequency, severity, and variability of past and potential future droughts. They may also offer a
road map for further exploration into droughts.

2.6 Water Management with Uncertainty

This chapter discusses the wealth of analysis and understanding that led up to and includes this
report with respect to future climate projections, future hydrologic projections, and
paleohydrology (in the form of PDSI reconstructions and annual streamflow reconstructions). It
is important to acknowledge that a diversity of techniques collectively provides a more robust
analysis, especially when different techniques reveal similar conclusions. For example, even with
advances in models of the Earth System and downscaling techniques, all future climate
projections indicate climate will continue to warm beyond what humans have experienced,
despite the uncertainty in the precise trajectory of greenhouse gas concentrations. Moreover,
paleo analysis and analysis using future projections both reveal scenarios and likelihoods which
extend understanding, allow for a more risk-informed decision-making framework, and can help
promote more resilient planning.

Uncertainties associated with approaches described in this chapter in part stem from an evolving
understanding of complex system processes and imperfect representation of those processes in
models. These uncertainties are reducible to some extent with improved knowledge and
computing power. Uncertainties also stem from the chaotic nature of the climate system, which
is not reducible. As research continues to characterize and, where possible, reduce uncertainties
inherent in projecting hydroclimate impacts of climate change, the water resources management
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community should also be aware that future conditions are ultimately deeply uncertain. This
means that risk-informed analyses alone may not provide appropriate practical information for
planning, and that bottom-up approaches using decision-making under deep uncertainty
(DMDU) methods should continue to be explored. Such methods can help identify system
vulnerabilities and improve understanding of what conditions make a system most vulnerable.

There is no single approach that provides a full understanding of climate change impacts on the
managed river systems in the West. Top-down approaches that translate climate projections to
impacts on watersheds may be applied in concert with bottom-up approaches such as those
DMDU methods to provide the broadest insights.

While it is important to acknowledge limitations in the analyses presented in this report and to
make an initial effort to fully characterize and better reveal that uncertainty space, the
information presented in the remaining chapters offers an assessment and illustration of new and
updated tools that water managers may use to explore their decision-making space. Further
acknowledgement and discussion of uncertainties associated with the range of analyses
conducted in this report is provided in Chapter 9.
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3 Hydroclimate Projections for Major
Reclamation River Basins

This chapter presents hydroclimate projections for the eight major Reclamation river basins. The
variables illustrated in this report are precipitation, mean temperature, snow water equivalent,
and runoff. The evaluation approach for the hydroclimate projections from CMIP5-LOCA is first
presented in Section 3.1. Results from the evaluation for each of the eight major Reclamation
river basins are presented in Sections 3.2 to 3.8. To provide context and to develop an expanded
understanding, Section 3.9 summarizes a comparison of CMIP5-LOCA streamflow projections
presented in this report and CMIP5-BCSD streamflow projections reported in the West-Wide
Climate Risk Assessment of the 2016 SECURE Water Act Report (Reclamation, 2016¢). A
summary of projected hydroclimate changes from this assessment is presented in Section 3.10
for each basin. Finally, a broad list of potential impacts for future water management is given in
Section 3.11.

3.1 Evaluation Approach

The figures and analysis for each basin are grouped under two sections. The first section
provides an assessment of projections for a set of hydroclimate variables in each basin. The
second section presents climate change impacts on annual runoff, seasonal cycles, and shifts in
annual runoff timing for selected runoff locations within each of the basins. Runoff impacts are
reported at 43 locations (refer to Table 1) covering the eight major Reclamation river basins.
Under the hydroclimate projections section, four sets of plots are presented for each major river
basin. These include:

e Time series plots of six hydroclimate variables.
e Spatial plots showing the spatial distribution of
o temperature;
o precipitation; and

o April 1*snow water equivalent (SWE)*.

4 All references to SWE (snow water equivalent) in this report correspond to April 1% SWE values.
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3.1.1 Hydroclimate Projections

3.1.1.1 Time Series Plots

Basin- and projection-specific annual time series plots are presented for six hydroclimate
indicator variables covering the period 1950 to 2099 as follows:

e Annual total precipitation

e Annual mean temperature

e April 1 snow water equivalent

e Annual runoff

e December-through-March runoff
e April-through-July runoff

Three variables—annual total precipitation, annual mean temperature, and April 1% snow water
equivalent—vary spatially (at 1/16™ degree or about 6-kilometer (km) grid resolution) across the
basins. To estimate total annual precipitation for a given basin, basinwide average precipitation
(averaged across the grid cells in the basin) was first calculated for each month of the years 1950
to 2099. These monthly precipitation values then were summed for each year (1950 to 2099) to
obtain the annual total precipitation.

To estimate basin mean temperature, average temperature was calculated from all the grid cells
in the basin for each month of the years 1950 to 2099. Next, these monthly temperatures for any
given year were averaged to estimate the basinwide annual mean temperature.

SWE on April 1*' of a given year is a widely used measure to assess snowpack and subsequent
spring-summer runoff conditions in the snowmelt-dominated basins of the Western United
States. SWE is a state variable that is output from the VIC hydrology model. For each of the
simulation years, 1950 to 2099, April 1** SWE was saved from the simulations for the model grid
cells in a given basin. This gridded SWE on April 1% was averaged over all the grid cells for the
given basin to calculate the basinwide April 1** SWE in each of the simulation years, 1950 to
2099.

Runoff for each of the locations listed in Table 1 was calculated for the annual timescale and for
two seasonal timescales, December-through-March total runoff conditions and April-through-
July total runoff conditions. For the VIC model, the term “total runoff” signifies the sum of
VIC’s surface runoff and baseflow variables, which, when combined, represent stream channel
input that can be routed to estimate streamflow at a particular location. For each of the
simulation years 1950 to 2099, monthly total runoff was aggregated on a water year> basis to

5> Water year ¢ is defined as the period from October 1 of year #—/ to September 30 of year ¢. For example, water year
1951 spanned from October 1950 through September 1951. So, there are 149 water years spanning the calendar
years 1950 to 2099. For time series plotting, values from water year 1951 were repeated for 1950.
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calculate water year-specific total annual runoff, December-through-March runoff, and April-
through-July runoff.

The annual time series plots for the six hydrologic indicator variables for all the projections were
calculated, and the results are presented to reflect ensemble central tendency and ensemble
spread. The central tendency is measured using the ensemble median, and the 10™ and

90" percentile bounds from the 64 projections provides the lower and upper bounds in the
envelope of hydroclimatic possibility through time.

3.1.1.2 Spatial Plots

The second sets of plots presented in this report include spatial plots of decade-mean
precipitation, temperature, and April 1* SWE. These plots show the spatial distribution for the
variables across the contributing basins in each of the eight major Reclamation river basins (a
total of seven locations®). The spatial plots are developed on a water year basis (affecting
calculations for only precipitation and temperature averaging) for the reference decade of the
1990s (water years 1990 to 1999).

The spatial distribution of temperature for the 1990s is presented as an ensemble median of the
64 projections. At each grid cell in a given basin and for each of the 64 selected projections, the
mean annual temperature is first calculated from the 12 monthly values for each of the 10 water
years 1990 to 1999. Next, for each grid cell, the ensemble median of the decade average mean
temperature was calculated and used in developing the spatially varying temperature plots.

Temperature changes in each of the future decades were estimated as follows. At each grid cell
in a given basin and for each of the 64 projections, the decade-mean temperature changes were
calculated by averaging the mean annual temperature from the 10 water years in each of the
respective future decades. Then, for a given projection and at a given grid cell, the difference (in
degrees Fahrenheit) between a given future decade’s mean annual temperature and the reference
decade’s mean annual temperature was calculated. The uncertainty in the distribution of the
change in decade-mean temperature for the 2020s, 2050s, and 2070s is presented using the

25" and 75™ percentile, and the median (50 percentile) represents the central tendency of
change in decade-mean temperature distribution.

The calculations for decade-mean precipitation and April 1% SWE distribution follow steps
similar to the ones used for deriving the temperature distributions. The spatial distribution of
precipitation for the 1990s is presented as an ensemble median of the 64 projections. At each
grid cell in a given basin and for each of the 64 projections, average total precipitation for the
1990s was calculated first. Next, for each grid cell, the ensemble median of the average total
precipitation for each of the future decades was calculated and used in developing the spatially
varying precipitation plots. A positive magnitude change implies wetter conditions and a
negative change implies drier conditions, relative to the 1990s. The uncertainty in the
distribution of the change in decade-mean precipitation for the future decades is presented using

¢ Seven locations result from the eight major Reclamation basins because the Sacramento-San Joaquin Rivers Delta
inflow location combines flows from two river basins—Sacramento and San Joaquin.
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the 25" and 75" percentile, and the median (50 percentile) represents the central tendency of
change in decade-mean precipitation distribution.

The spatial distribution of April 1% SWE for the reference decade is also presented as an
ensemble median of the 64 projections. The VIC macro-scale hydrology model was used to
simulate snow dynamics, when applicable, for grid cells in the basin. Typically, snow is present
in only a subset of grid cells in a basin, and VIC simulated snow accumulation and melt
dynamics are only for these grid cells. At each of these grid cells in the basin and for each of the
64 projections, the average April 1% SWE for the 1990s was calculated first. Next, the ensemble
median of the average April 1 SWE for each of the future decades was calculated and used in
developing the spatially varying SWE plots.

SWE changes in each of the future decades were estimated as follows. For the relevant grid cells
(i.e., grid cells with snow present) in a given basin and for each of the 64 projections, average
April 1 SWE was calculated by averaging SWE values from the 10 water years in the decade.
Then, for a given projection and at a given grid cell, the difference in average April 1% SWE
between a given future decade and the reference decade was calculated. A positive magnitude
change implies an increase in the SWE value, and a negative change implies a decrease in SWE,
relative to the reference decade. The uncertainty in the distribution of the change in decade-mean
SWE for the future decades is presented using the 25" and 75 percentile, and the median

(50™ percentile) represents the central tendency of change in decade-mean SWE distribution.

3.1.2 Impacts on Streamflow Annual and Seasonal Cycles

This section presents impacts on streamflow for selected subbasin river locations within the eight
major Reclamation basins. Streamflow is calculated (Vano et al., 2020) using a network routing
scheme (Mizukami et al., 2016) that uses the USGS geospatial fabric (Viger, 2014).

In the river basin sections that follow, the first set of plots for each basin demonstrates annual
cycle variation and climate change impacts on the annual cycle at each of the selected locations
for the three future periods. The second set of plots presents the uncertainty information in the
flow projections using box-and-whisker plotting symbols (or boxplots for short). The box in the
boxplot corresponds to the inter-quartile range (i.e., the lower bound of the box corresponds to
the 25" percentile, and the upper bound corresponds to the 75 percentile). The horizontal line
within the box corresponds to the median value of the change estimated from the 64 flow
simulations. The whiskers correspond to the 5" and 95™ percentiles of the runoff magnitude
change estimated from the 64 flow simulations. For each future decade, three boxplots are
presented, corresponding to the annual runoff and the December-through-March and April-
through-July seasonal runoff.

The third set of plots shows the shift in timing of the annual runoff volumes as boxplots. For
each projection, the shift in runoff timing was estimated to be the difference in the centroid dates,
which corresponds to the timing of the center of mass of annual flow (i.e., half of the annual
flow) between the mean annual hydrographs of the future decade and the reference decade. A
negative shift means that the future decade will have an earlier centroid date and that more of the
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annual runoff will occur earlier in the year. A positive shift indicates that more of the runoff will
happen later in the year. Finally, these shifts in annual runoff timing are presented as separate
boxplots for each of the three future decades. The boxplots show the uncertainty in the
distribution of the shift in runoff timing estimated from the 64 projections.

The plots described here are presented in the subsequent Sections 3.2 through 3.8. The results for
the eight major Reclamation river basins are presented in the following order:

e Colorado River Basin (Section 3.2)

e Columbia River Basin (Section 3.3)

e Klamath River Basin (Section 3.4)

e Missouri River Basin (Section 3.5)

e Rio Grande Basin (Section 3.6)

e Sacramento and San Joaquin River Basins (Section 3.7)

e Truckee and Carson River Basins (Section 3.8)

3.2 Colorado River Basin

The Colorado River Basin, located in the Southwestern United States, occupies an area of
approximately 250,000 square miles. The Colorado River is approximately 1,400 miles long. It
originates along the Continental Divide in Rocky Mountain National Park, Colorado, and ends
where it meets the Gulf of California in Mexico. The Colorado River is a critical resource in the
West because seven basin States (Arizona, California, Colorado, Nevada, New Mexico, Utah,
and Wyoming) depend on it for water supply, hydropower production, recreation, fish and
wildlife habitat, and other benefits. Although agricultural uses account for 70 percent of
Colorado River water use, between 35 and 40 million people rely on the same water for some or
all of their municipal needs. Moreover, the United States also has a delivery obligation to
Mexico for some of the Colorado River waters pursuant to a 1944 treaty.

3.2.1 Hydroclimate Projections

Figure 7 shows six plots of hydroclimate indicators for the Colorado River above Imperial Dam:
annual total precipitation (top left), annual mean temperature (top right), April 1% SWE (middle
left), annual runoff (middle right), December-through-March runoff (bottom left), and April-
through-July runoff (bottom right). The heavy black line is the median value (50 percentile) of
the annual time series of the 64 projections. The shaded area is the annual time series of the 10"
to 90" percentiles.
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Figure 7. Colorado River Basin — Time series plots for six projected hydroclimate indicators.

Note: The heavy black line is the annual time series median value (i.e, median). The shaded area is the annual time series of 10™ to
90" percentiles.

MAF = million acre-feet; deg F = degrees Fahrenheit

Total annual precipitation (median value) throughout the basin is shown to be largely constant
over time. The ensemble spread appears to be somewhat widening, implying that, there is some
increase in the range of values for total annual precipitation magnitudes through time. The mean
annual temperature (median value) throughout the basin shows an increase over time and a
widening ensemble spread, implying that, there is some increase in the range of mean annual
temperature values over time. April 1% SWE (median value) shows a decrease over time. The
annual runoff (median value) shows a decrease over time. The December-through-March runoff
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volume shows an increase over time, and the April-through-July runoff shows a decrease over
time. For additional discussions and information regarding currently ongoing studies in the basin,
see Sections 3.9 and 3.9.1.1.

Figure 8, Figure 9, and Figure 10 show the spatial distribution of simulated decade-mean
temperatures, precipitation, and April 1% SWE, respectively, in the Colorado River Basin above
Imperial Dam. In each figure, the simulated 1990s distribution of median decadal mean
condition for the variable of interest is shown in the upper middle plot, and changes in the
decadal mean condition are shown below for three future periods (2020s, 2050s, and 2070s
relative to the 1990s) at three change percentiles within the range of projections (25®, 50%, and
75" percentiles).

In Figure 8, the median change for the three future decades relative to the 1990s indicates
increasing temperatures throughout the basin. In Figure 9, the median change in precipitation for
the future decades indicates a wet pattern, particularly in the upper portions of the basin (Upper
Colorado River Basin). In Figure 10, the spatial plots generally indicate a reduced snowpack.
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Figure 9. Colorado River Basin — Spatial distribution of simulated precipitation changes.
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Figure 10. Colorado River Basin — Spatial distribution of simulated decadal April 15t SWE changes.
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3.2.2 Impacts on Streamflow Annual and Seasonal Cycles

Figure 11 shows the mean monthly streamflow values for the 1990s, 2020s, 2050s, and 2070s in
six Colorado River subbasins. Overall, there is a shift to earlier runoff peaks, which is most
prominent in the 2070s for all the subbasins. Also, the magnitude of the peaks varies across the
subbasins in the future decades in comparison to the reference 1990s decade.
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Figure 11. Colorado River Basin — Simulated mean monthly streamflow for various subbasins.

Note: MAF = million acre-feet

Figure 12 shows boxplots of the distribution of simulated changes in runoff magnitude for
annual, December-through-March, and April-through-July runoff in the six Colorado River
subbasins. The median change for the December-through-March period in all three decades is
generally positive, indicating an increase in runoff. Also, see Figure 7 (bottom left panel) for an
example of the December-through-March runoff time series for the Colorado River above
Imperial Dam subbasin, which shows an increase over time in runoff for this season. The median
annual streamflow change, both at Lees Ferry and at Imperial Dam, shows practically no change
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for the 2020s, but decreases for the 2050s and 2070s from the 1990s reference. Overall, in the
2020s, the median annual flow is largely unchanged from the 1990s for most of the subbasins.
However, for the 2050s and 2070s, a decline in the median annual flows is indicated for all
subbasins (except for Green River near Greendale, UT which shows minor flow increases in the
2050s). Finally, in interpreting these change results, it is important to recognize the uncertainty
in the change magnitude and direction.
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Figure 12. Colorado River Basin — Simulated change in streamflow magnitude for various subbasins.

Figure 13 shows the simulated shift in runoff timing for the various subbasins. The analysis
shows that for all three future periods—2020s, 2050s, and 2070s—nearly half of the projections
(i.e., the median value in the boxplots) show that the timing of the center of mass of annual flow
(i.e., half of the annual flow) will occur earlier than in the 1990s. As an example, for the
Colorado River at Lees Ferry, this shift in early runoff timing will be about 6 days, 9 days, and
11 days respectively for the 2020s, 2050s, and 2070s decades. Overall, nearly all projections are
pointing towards an early runoff in the future relative to the 1990s.
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Figure 13. Colorado River Basin — Simulated shift in streamflow timing for various subbasins; negative
values denote earlier runoff relative to the 1990s.

3.3 Columbia River Basin

The Columbia River is the fourth largest river in North America. It rises in the Rocky Mountains
of British Columbia, Canada, and flows 1,243 miles to the Pacific Ocean through Washington
and Oregon. The Columbia River Basin occupies an area of approximately 258,000 square miles
and spans seven States (Idaho, Montana, Nevada, Oregon, Utah, Washington, and Wyoming)
and one Canadian province (British Columbia). The river system has more than 400 dams, which
provide hydroelectricity, irrigation, flood control, operations for fish and wildlife, streamflow
regulation, and storage and delivery of water. Dams in the Columbia River Basin and lower
Snake River basin also provide operations for navigation. Collectively, Columbia River system
dams provide up to 80 percent of the electrical needs in the Northwest; 39.7 million acre-feet of
storage space for flood control; locks and other infrastructure for navigation of 17 million tons of
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cargo annually; irrigation for 7.8 million acres of land; and recreational opportunities for
hundreds of thousands of Americans.

3.3.1 Hydroclimate Projections

Figure 14 shows six hydroclimate indicators for the Columbia River at The Dalles: annual total
precipitation (top left), annual mean temperature (top right), April 1 SWE (middle left), annual
runoff (middle right), December-through-March runoff (bottom left), and April-through-July
runoff (bottom right). The heavy black line is the median value (50" percentile) of the annual
time series of the 64 projections. The shaded area is the annual time series of the 10 to

90" percentiles.

Total annual precipitation (median value) throughout the basin is shown to be increasing over
time. The ensemble spread appears to be somewhat widening, implying that, there is some
increase in the range of values for total annual precipitation magnitudes through time. The mean
annual temperature (median value) throughout the basin shows an increase over time and a
widening ensemble spread, implying that, there is some increase in the range of mean annual
temperature values over time. April 1 SWE (median value) shows a decrease over time. The
annual runoff (median value) shows some decrease over time (for additional discussions, see
Sections 3.9 and 3.9.1.2). The December-through-March runoff volume shows an increase over
time, and the April-through-July runoff shows a decrease over time.

Figure 15, Figure 16, and Figure 17 show the spatial distribution of simulated decade-mean
temperatures, precipitation, and April 1 SWE, respectively, in the Columbia River above The
Dalles. In each figure, the simulated 1990s distribution of median decadal mean condition for the
variable of interest is shown in the upper middle plot, and changes in the decadal mean condition
are shown below for the three future periods and at three change percentiles within the range of
projections (25", 50, and 75% percentiles).

In Figure 15, the median change for the three future decades relative to the 1990s indicates
increasing temperatures throughout the basin. In Figure 16, the median change in precipitation
for the future decades indicates a wet pattern in the basin. In Figure 17, the spatial plots indicate
the basin is projected to have generally reduced snowpack (April 1% SWE). Analyses of results
from Figure 14 through Figure 17 indicate that warming is projected to lead to precipitation
falling as rain instead of snow, leading to decreased snowpack in the basin and shifts in runoff
seasonality.
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Figure 14. Columbia River Basin — Time series plots for six projected hydroclimate indicators.

Note: The heavy black line is the annual time series median value (i.e, median). The shaded area is the annual time series of 10" to
90" percentiles.

MAF = million acre-feet; deg F = degrees Fahrenheit
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Figure 15. Columbia River Basin — Spatial distribution of simulated decadal temperature changes.

Note: deg F = degrees Fahrenheit
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Figure 16. Columbia River Basin — Spatial distribution of simulated precipitation changes.
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Figure 17. Columbia River Basin — Spatial distribution of simulated decadal April 15t SWE changes.
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3.3.2 Impacts on Streamflow Annual and Seasonal Cycles

Figure 18 shows the mean monthly streamflow values for the 1990s, 2020s, 2050s, and 2070s in
seven Columbia River subbasins. Overall, there does not appear to be much of a shift in the peak
runoff timing from the reference 1990s decade to the 2020s and 2050s. For the 2070s, however,
all the subbasins show a noticeable early shift in peak flow. Furthermore, the peaks are generally
the same or somewhat lower in the 2020s and 2050s, but consistently lower in the 2070s across
all subbasins from the 1990s reference.

Figure 19 shows boxplots of the distribution of simulated changes in streamflow magnitude for
annual, December-through-March, and April-through-July runoff in the seven Columbia River
subbasins. For most of the subbasins, in all three future decades the median change for the
December-through-March runoff is positive, indicating an increase in streamflow during this
season. Also, see Figure 14 (bottom left panel) for an example of the December-through-March
runoff time series for the Columbia River at The Dalles subbasin, which shows an increase in
runoff over time for this season. The April-through-July median streamflow shows declines in
the 2050s and 2070s relative to the 1990s across the subbasins. In addition, see Figure 14
(bottom right panel) for an example of the April-through-July runoff time series for the
Columbia River at The Dalles subbasin, which shows a decrease in runoff over time for this
season.

Figure 20 shows the simulated shift in streamflow timing for the various subbasins. For all the
subbasins in all three future decades, the median value of the change in runoff timing is negative.
This implies that half of the annual flow occurs sooner than it did in the 1990s. For example, for
the Columbia River at The Dalles, the earlier shift is about 5, 9, and 11 days, respectively, in the
2020s, 2050s, and 2070s relative to the 1990s.
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Figure 18. Columbia River Basin — Simulated mean monthly streamflow for various subbasins.

Note: MAF = million acre-feet

46



West-Wide Climate and Hydrology Assessment

Snake River at Brownlee Dam, OR

£ | 8 Annual O Dec-Mar O Apr-Jul
(2
o
8
®
—_— o
[=
f=] —_
g i
53 - =+
° : = =
e T -
- [e—]—— ] [ T = T
=0 =2 =es
8 -
T T T
20205 20505 2070s
Columbia River at the Dalles, OR
o
g -
o
8 -
2
—_
o 2 7
fe))
c —_—
jo] o T
6 = T I
T = o T E T T . =
o = -
- =
(=]
8 -
[ [ [
20208 20508 2070s
Deschutes River near Madras, OR
o
g
N
g
<y
A
= -
2 -+ |
8o - [
5 ~ 4 -
- - — T T = +
o - = —
e =g T
(=1 4
2 -
T T T
2020s 20505 2070s
Flathead R at Columbia Falls, MT
g
8
(=3
8
L
—_ o
g S 7 -
f= 1
@O —_ i
5 7 |
R R -
R e B R —
. 1
f=
2

2020s

20508 2070s

Change (%}

Change (%)

Change (%)

200

50 150

-50

50 100 150 200

0

-50

150 200

100

-50

Columbia River at Grand Coulee, WA

2050s

Yakima River at Parker, WA

2020s 20508

Snake River near Heise, ID

Figure 19. Columbia River Basin — Simulated change in streamflow magnitude for various subbasins.
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Figure 20. Columbia River Basin — Simulated shift in streamflow timing for various subbasins; negative
values denote earlier runoff relative to the 1990s.
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3.4 Klamath River Basin

The Klamath River originates in headwater streams of south-central Oregon. It eventually flows
southwest through the Cascade Range and picks up runoff from the Shasta, Scott, Salmon, and
Trinity Rivers in California before flowing to the Pacific Ocean. The length of the Klamath River
is approximately 254 miles and the Klamath River Basin covers an area of approximately

15,700 square miles. Reclamation’s Klamath Project provides irrigation water for approximately
210,000 acres of cropland and is an important recreation area for residents of northern California
and southern Oregon, providing myriad boating, water skiing, fishing, hunting, camping, and
picnicking opportunities.

3.4.1 Hydroclimate Projections

Figure 21 shows six hydroclimate indicators for the basin above the Klamath River near Klamath
gauging station: annual total precipitation (top left), annual mean temperature (top right),

April 1% SWE (middle left), annual runoff (middle right), December-through-March runoff
(bottom left), and April-through-July runoff (bottom right). The heavy black line is the median
value (50™ percentile) of the annual time series of the 64 projections. The shaded area is the
annual time series of the 10" to 90" percentiles.

Total annual precipitation (median value) throughout the basin is shown to be largely constant
over time. The ensemble spread appears to be somewhat widening, implying that, there is some
increase in the range of values for total annual precipitation magnitudes through time. The mean
annual temperature (median value) throughout the basin shows an increase over time and a
widening ensemble spread, implying that, there is some increase in the range of mean annual
temperature values over time. April 1% SWE (median value) shows a decrease over time. The
annual runoff (median value) shows some decrease over time (for additional discussions, see
Sections 3.9 and 3.9.1.3). The December-through-March runoff volume shows an increase over
time, and the April-through-July runoff shows a decrease over time.

Figure 22, Figure 23, and Figure 24 show the spatial distribution of simulated decade-mean
temperatures, precipitation, and April 1 SWE, respectively, in the basin above the Klamath
River near Klamath gauging station. In each figure, the simulated 1990s distribution of median
decadal mean condition for the variable of interest is shown in the upper middle plot, and
changes in the decadal mean condition are shown below for the three future periods and at three
change percentiles within the range of projections (25%, 50, and 75" percentiles).

In Figure 22, the median change for the three future decades relative to the 1990s indicates
increasing temperatures throughout the basin. In Figure 23, the median change in precipitation
for the future decades indicates a slightly wetter pattern in the lower portions of the basin. In
Figure 24, the spatial plots indicate that a reduced snowpack is projected throughout the basin.
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Figure 21. Klamath River Basin — Time series plots for six projected hydroclimate indicators.

Note: The heavy black line is the annual time series median value (i.e, median). The shaded area is the annual time series of 10" to

90" percentiles.

MAF = million acre-feet; deg F = degrees Fahrenheit
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Figure 22. Klamath River Basin — Spatial distribution of simulated decadal temperature changes.

Note: deg F = degrees Fahrenheit
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Figure 23. Klamath River Basin — Spatial distribution of simulated precipitation changes.
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Figure 24. Klamath River Basin — Spatial distribution of simulated decadal April 15t SWE changes.

Note: The gray pixels within the basin boundary indicate reduction of SWE beyond the color scale range.
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3.4.2 Impacts on Streamflow Annual and Seasonal Cycles

Figure 25 shows mean monthly streamflow values for the 1990s, 2020s, 2050s, and 2070s in five
Klamath River subbasins. For the five sites in this basin, the shift in peak runoff in all future
decades is clearly visible and fairly pronounced for the 2070s relative to the 1990s.
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Figure 25. Klamath River Basin — Simulated mean monthly streamflow for various subbasins.

Note: MAF = million acre-feet

Figure 26 shows boxplots of the distribution of changes in runoff magnitude for annual,
December-through-March, and April-through-July runoff in the five Klamath River subbasins.
For all the subbasins, in all three future decades the median change for the December-through-
March runoff is positive, indicating an increase in runoff during this season. Also, see Figure 21
(bottom left panel) for an example of the December-through-March runoff time series for the
Klamath River near Klamath subbasin, which shows an increase in runoff over time for this
season. However, the April-through-July median runoff shows declines in the 2020s, 2050s, and
2070s relative to the 1990s across all of the subbasins. In addition, see Figure 21 (bottom right
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panel) for an example of the April-through-

Klamath subbasin, which shows a decrease

July runoff time series for the Klamath River near
in runoff over time for this season. The median

annual runoff largely shows no change in any of the subbasins in any of the three future periods.

Williamson R. below the Sprague River, OR

Klamath River below Iron Gate Dam, CA

S _| @ Annual B Dec-Mar O AprJul | s
o™ o™
(=1 [=1
2 il
g =1 .‘;_\0, o
g - s 4
d&')’ - - - - ang - + -
57 ' E $° e = H
T -- 1
& . = - R (R gy
I e R R = . == = - = _
== = = 2 == = =
o = = . =
L - 5 .
T T T T T T
20208 20508 2070s 2020s 20508 20708
Klamath River near Seiad Valley, CA Klamath River at Orleans, CA
= =
2 2 4
™~ o
o =
N 2 7
Es | = g 4
@ — - | @ ~ —— H
2 - i = - {
3° 1 = S = _.H
O T . - (&) L o T
- == e == o —— T I i
T - = = E ; L % T =
5 = 5 = ~
| | [ | [ [
2020s 2050s 2070s 2020s 2050s 2070s
Klamath River near Klamath, CA
(=]
g -
o
8 —
o 2 7
f= —_ -
s :
58 - L
i -5 - H
o l_|¥ o — o
= T == T T = T
5 = =

2020s 2050s 2070s

Figure 26. Klamath River Basin — Simulated change in streamflow magnitude for various subbasins.

Figure 27 shows the simulated shift in runoff timing for the various subbasins. For all the
subbasins in all three future decades, the median value of the change in runoff timing varies from
near zero to a positive value. Positive values imply that about half of the annual flow occurs later

than it did in the 1990s. As an example, for

the location Klamath River near Klamath, the median

shift for the 2020s and 2050s practically shows no change, but for the 2070s decades, it is about

4 days later than from the 1990s.
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Figure 27. Klamath River Basin — Simulated shift in streamflow timing for various subbasins; negative
values denote earlier runoff relative to the 1990s.

3.5 Missouri River Basin

The Missouri River is the longest river in the United States. It has a watershed of more than
500,000 square miles, which includes portions of ten States (Montana, North Dakota, South
Dakota, Wyoming, Colorado, Nebraska, lowa, Kansas, Missouri, and Minnesota) and two
Canadian provinces (Alberta and Saskatchewan) and encompasses approximately one-sixth of
the entire lower 48 United States. The Missouri River drains the largest watershed within the
United States and produces annual yields of nearly 40 million acre-feet. Reclamation has
constructed more than 40 dams on Missouri River tributaries that have helped with agricultural
development in the basin. The facilities in the basin also provide benefits including flood control,
navigation, irrigation, hydropower, water supply, recreation, fish and wildlife, and water quality.
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Navigation is important in the lower basin States, while reliable water delivery for agriculture
and municipal, rural, and industrial use is important in the upper basin States.

3.5.1 Hydroclimate Projections

Figure 28 shows six hydroclimate indicators for the Missouri River Basin above Omaha: annual
total precipitation (top left), annual mean temperature (top right), April 1 SWE (middle left),
annual runoff (middle right), December-through-March runoft (bottom left), and April-through-
July runoff (bottom right). The heavy black line is the median value (50" percentile) of the
annual time series of the 64 projections. The shaded area is the annual time series of the 10" to
90" percentiles.

Total annual precipitation (median value) throughout the basin is shown to be increasing over
time. The ensemble spread appears to be somewhat widening, implying that, there is some
increase in the range of values for total annual precipitation magnitudes through time. The mean
annual temperature (median value) throughout the basin shows an increase over time and a
widening ensemble spread, implying that, there is some increase in the range of mean annual
temperature values over time. April 1 SWE (median value) shows a decrease over time. The
December-through-March runoff volume shows a general increase over time, and the April-
through-July runoff shows a decrease over time. However, largely, there are no changes in
annual runoff, in spite of increased seasonal flows. This likely points to losses attributable to
other hydrologic processes, such as increased evapotranspiration or losses to the sub-surface. For
additional discussions, see Sections 3.9 and 3.9.1.4.

Figure 29, Figure 30, and Figure 31 show the spatial distribution of simulated decade-mean
temperatures, precipitation, and April 1 SWE, respectively, in the Missouri River Basin. In each
figure, the simulated 1990s distribution of median decadal mean condition for the variable of
interest is shown in the upper middle plot, and changes in the decadal mean condition are shown
below for the three future periods and at three change percentiles within the range of projections
(25%, 50", and 75" percentiles).

In Figure 29, the median change for the three future decades relative to the 1990s indicates
increasing temperatures throughout the basin. In Figure 30, the median change in precipitation
for the future decades indicates a wetter pattern. In Figure 31, the spatial plots indicate the basin
is projected to have generally reduced snowpack. Analyses of the results from Figure 28 through
Figure 31 indicate that warming is projected to lead to precipitation falling as rain instead of
snow and, consequently, to decreased snowpack in the basin. However, due to projected
increases in precipitation, runoff is expected to increase mostly over the April-through-July
season.
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Figure 28. Missouri River Basin — Time series plots for six projected hydroclimate indicators.

Note: The heavy black line is the annual time series median value (i.e, median). The shaded area is the annual time series of 10" to

90" percentiles.

MAF = million acre-feet; deg F = degrees Fahrenheit
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Figure 29. Missouri River Basin — Spatial distribution of simulated decadal temperature changes.

Note: deg F = degrees Fahrenheit
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Figure 30. Missouri River Basin — Spatial distribution of simulated precipitation changes.
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Figure 31. Missouri River Basin — Spatial distribution of simulated decadal April 15t SWE changes.
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3.5.2 Impacts on Streamflow Annual and Seasonal Cycles

Figure 32 shows the mean monthly streamflow values for the 1990s, 2020s, 2050s, and 2070s in
six Missouri River subbasins. For several subbasins (e.g., Bighorn River at Yellowtail Dam,
Missouri River at Omaha, and North Platte River at Lake McConaughy) the hydrograph peak is
higher in all the future decades from the 1990s reference. Also, there is an earlier shift in peak
runoff timing from the 1990s decade for many of the subbasins, and it is apparent over the 2070s
(e.g., Missouri River at Canyon Ferry Dam, Missouri River at Omaha, and Bighorn River at
Yellowtail Dam).
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Figure 32. Missouri River Basin — Simulated mean monthly streamflow for various subbasins.

MAF = million acre-feet

Figure 33 shows boxplots of the distribution of changes in runoff magnitude for annual,
December-through-March, and April-through-July runoff in the six Missouri River subbasins.
Overall, the median change for the annual and seasonal runoffs vary across the subbasins.
Changes to both annual and December-through-March streamflow in the 2020s and 2050s
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relative to the 1990s are variable ranging from no change (e.g., North Fork of Platte River at
Lake McConaughy), to decrease in runoff (e.g., South Fork of Platte River near Sterling), and
increase in runoff (e.g., Missouri River at Omaha). However, the April-through-July runoff
largely shows an increase across the subbasins in all three future decades relative to the 1990s
reference. This increase in April-through-July runoff is also evident from the example time series
plot (Figure 28, bottom right panel) for the subbasin, Missouri River at Omaha.
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Figure 33. Missouri River Basin — Simulated change in streamflow magnitude for various subbasins.

Figure 34 shows the simulated shift in runoff timing for the various subbasins. In all the
subbasins, the analysis shows that for each future decade, the median value of the change in
runoff timing is negative. This implies that half of the annual flow occurs earlier in the three
future decades (2020s, 2050s, and 2070s) relative to the 1990s reference. As an example, for the
location Missouri River at Omaha, the earlier shift is about 5, 9, and 12 days, respectively, for
the 2020s, 2050s, and 2070s decade, as compared to the 1990s decade.
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Figure 34. Missouri River Basin — Simulated shift in streamflow timing for various subbasins; negative
values denote earlier runoff relative to the 1990s.

3.6 Rio Grande Basin

The Rio Grande Basin, located in the Southwestern United States, provides water for irrigation,
residential, environmental, and recreational uses in Colorado, New Mexico, and Texas, as well as
Mexico. The Rio Grande is approximately 1,896 miles long and drains a basin about

182,200 square miles in area across both countries—the United States and Mexico. Reclamation
Projects within the basin include the Closed Basin Project, Colorado; the San Juan-Chama Trans-
mountain Diversion Project, between Colorado and New Mexico; the Middle Rio Grande
Project, New Mexico; and the Rio Grande Project, in New Mexico and Texas. These Projects
provide water for municipalities, Tribes, and industry, and support approximately 200,000 acres
of irrigated agriculture, which produces alfalfa, cotton, vegetables, pecans, and grain.
Reclamation’s facilities provide critical water and power for industry and communities,
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including Albuquerque and Las Cruces, New Mexico; El Paso, Texas; and Ciudad Juarez,
Mexico. This analysis presents results for the upper portion of the basin above the Rio Grande at
Elephant Butte Dam.

3.6.1 Hydroclimate Projections

Figure 35 shows six hydroclimate indicators for the upper portion of the basin above the Rio
Grande at Elephant Butte Dam: annual total precipitation (top left), annual mean temperature
(top right), April 1% SWE (middle left), annual runoff (middle right), December-through-March
runoff (bottom left), and April-through-July runoff (bottom right). The heavy black line is the
median value (50" percentile) of the annual time series of the 64 projections. The shaded area is
the annual time series of the 10% to 90 percentiles.

Total annual precipitation (median value) throughout the upper basin is shown to be nominally
decreasing over time. The ensemble spread appears to be somewhat widening, implying that,
there is some increase in the range of values for total annual precipitation magnitudes through
time. The mean annual temperature (median value) throughout the basin shows an increase over
time and a widening ensemble spread, implying that, there is some increase in the range of mean
annual temperature values over time. April 1 SWE (median value) shows a decrease over time.
The annual runoff (median value) shows a decrease over time. The December-through-March
runoff volume is largely constant over time until around 2050 and post-2050 it nominally
increases over time. The April-through-July runoff shows a decrease over time.

Figure 36, Figure 37, and Figure 38 show the spatial distribution of simulated decade-mean
temperatures, precipitation, and April 1% SWE, respectively, in the Rio Grande Basin above
Elephant Butte Dam. In each figure, the simulated 1990s distribution of median decadal mean
condition for the variable of interest is shown in the upper middle plot, and changes in the
decadal mean condition are shown below for the three future periods and at three change
percentiles within the range of projections (25", 50™, and 75™ percentiles).

In Figure 36, the median change for the three future decades relative to the 1990s indicates
increasing temperatures throughout the basin. In Figure 37, the median change in precipitation
for the future decades indicates a slightly wet pattern primarily in the highest elevations
(headwater areas) of the basin. In Figure 38, the spatial plots indicate the median basin snowpack
(April 1% SWE) is projected to decrease.
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Figure 35. Rio Grande Basin — Time series plots for six projected hydroclimate indicators.

Note: The heavy black line is the annual time series median value (i.e, median). The shaded area is the annual time series of 10" to
90" percentiles.

MAF = million acre-feet; deg F = degrees Fahrenheit
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Figure 36. Rio Grande Basin — Spatial distribution of simulated decadal temperature changes.

Note: deg F = degrees Fahrenheit
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Figure 37. Rio Grande Basin — Spatial distribution of simulated precipitation changes.
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Figure 38. Rio Grande Basin — Spatial distribution of simulated decadal April 15t SWE changes.
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3.6.2 Impacts on Streamflow Annual and Seasonal Cycles

Figure 39 shows the mean monthly streamflow values for the 1990s, 2020s, 2050s, and 2070s in
five Upper Rio Grande subbasins. For most locations in this basin, relative to the 1990s, the
runoff peaks appear to be occurring earlier in the spring during the later decade (2070s) than the
earlier decade (2020s). The exception to this is the Pecos River near Carlsbad where the
hydrograph peak around August is attributed to summer monsoon runoff events.
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Figure 39. Rio Grande Basin — Simulated mean monthly streamflow for various subbasins.

MAF = million acre-feet

Figure 40 shows boxplots of the distribution of simulated changes in runoff magnitude for
annual, December-through-March, and April-through-July runoff in the five Upper Rio Grande
subbasins. Across the subbasins, the median annual flow, relative to the 1990s reference, shows
practically no change in the 2020s for all subbasins, but largely shows a decrease in the 2050s
decade. By the 2070s, median annual flow shows a decrease for all the subbasins. The median
December-through-March runoff, except for the Pecos River site, shows an increase in the three
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future decades relative to the 1990s reference. As an example, a nominal increase in the median
December-through March runoff for the Rio Grande at Elephant Butte Dam can be also be seen
in Figure 35 (bottom left panel). The median April-through-July runoff for all locations, relative
to the 1990s, generally shows no change in the 2020s, but shows a decrease in the 2050s and
2070s decade. This decrease is illustrated, for example, in the time series plot for the Rio Grande
Basin at Elephant Butte Dam (Figure 35, bottom right panel), which generally shows a decrease
in the median April-through-July runoff over time.
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Figure 40. Rio Grande Basin — Simulated change in streamflow magnitude for various subbasins.

Figure 41 shows the simulated shift in runoff timing for the various subbasins. The Pecos River
location shows positive value (i.e., late) of the median change in runoff timing in all of the three
future decades 2020s (1 day), 2050s (3 days), and 2070s (3 days) relative to the 1990s. For all
the other Upper Rio Grande locations, the analysis shows that for each future decade the median
value of the change in runoff timing is negative. This implies that half of the annual flow occurs
sooner than it did in the 1990s. For example, for the Rio Grande at the Elephant Butte Dam, the
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earlier shift is approximately 6, 8, and 9 days, respectively, in the 2020s, 2050s, and 2070s
relative to the 1990s.
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Figure 41. Rio Grande Basin — Simulated shift in streamflow timing for various subbasins; negative values
denote earlier runoff relative to the 1990s.

3.7 Sacramento and San Joaquin River Basins

The Sacramento and San Joaquin River Basins include three major Central Valley watersheds—
the Sacramento River in the north, and the San Joaquin River and Tulare Lake Basins in the
south. The combined watersheds extend nearly 500 miles from northwest to southeast and range
from 60 to 100 miles wide. The Sacramento and San Joaquin Rivers are the two largest rivers in
California with lengths of 445 miles and 366 miles, respectively. These two rivers have a
combined drainage area of about 60,000 square miles and meet in the Sacramento-San Joaquin
Rivers Delta, the largest estuary on the West Coast and the hub of California’s complex water
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supply system. The rivers play a key role in supporting California’s economy by providing water
for many of the agricultural counties in the Nation’s leading farm State. In addition to water for
farms, homes, and industry in California’s Central Valley and major urban centers in the San
Francisco Bay and Central Coast areas, the rivers sustain aquatic and terrestrial habitats, along
with numerous managed waterfowl refuges.

3.7.1 Hydroclimate Projections

Figure 42 shows six hydroclimate indicators for the basin above the Sacramento and San Joaquin
Rivers at the Delta: annual total precipitation (top left), annual mean temperature (top right),
April 1 SWE (middle left), annual runoff (middle right), December-through-March runoff
(bottom left), and April-through-July runoff (bottom right). The heavy black line is the median
value (50" percentile) of the annual time series of the 64 projections. The shaded area is the
annual time series of the 10™ to 90" percentiles.

Total annual precipitation (median value) throughout the basin is shown to be largely constant
over time. The ensemble spread appears to be somewhat widening, implying that, there is some
increase in the range of values for total annual precipitation magnitudes through time. The mean
annual temperature (median value) throughout the basin shows an increase over time and a
widening ensemble spread, implying that, there is some increase in the range of mean annual
temperature values over time. April 1% SWE (median value) shows a decrease over time. The
annual runoff (median value) shows a nominal decrease over time. The December-through-
March runoff volume shows an increase over time, and the April-through-July runoff shows a
decrease over time.

Figure 43, Figure 44, and Figure 45 show the spatial distribution of simulated decade-mean
temperatures, precipitation, and April 1% SWE, respectively, in the Sacramento and San Joaquin
River Basins above the Delta. In each figure, the simulated 1990s distribution of median decadal
mean condition for the variable of interest is shown in the upper middle plot, and changes in the
decadal mean condition are shown below for the three future periods and at three change
percentiles within the range of projections (25", 50, and 75" percentiles).

In Figure 43, the median change for the three future decades relative to the 1990s indicates
increasing temperatures throughout the basin. In Figure 44, the median change in precipitation
for the future decades indicates a slightly wetter pattern, mostly in the mountainous regions of
the basin. In Figure 45, the spatial plots indicate the median basin snowpack (April 1 SWE) is
projected to decrease.
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Figure 42. Sacramento and San Joaquin River Basins — Time series plots for six projected hydroclimate

indicators.

Note: The heavy black line is the annual time series median value (i.e, median). The shaded area is the annual time series of 10" to
90" percentiles.

MAF = million acre-feet; deg F = degrees Fahrenheit
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Figure 43. Sacramento and San Joaquin River Basins — Spatial distribution of simulated decadal
temperature changes.

Note: deg F = degrees Fahrenheit
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Figure 44. Sacramento and San Joaquin River Basins — Spatial distribution of simulated precipitation
changes.
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Figure 45. Sacramento and San Joaquin River Basins — Spatial distribution of simulated decadal April 1<t

SWE changes.
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3.7.2 Impacts on Streamflow Annual and Seasonal Cycles

Figure 46 shows the mean monthly streamflow values for the 1990s, 2020s, 2050s, and 2070s in
eight Sacramento and San Joaquin River subbasins and the Tulare basin. For all the locations,
there appears to be an earlier shift in runoff peak.

Figure 47 shows boxplots of the distribution of simulated changes in runoff magnitude for
annual, December-through-March, and April-through-July runoff in the eight Sacramento and
San Joaquin River subbasins and the Tulare basin. Overall, the analysis shows that there is an
increase in the median December-through-March runoff and decrease in the April-through-July
runoff in all three future decades, with nominal changes in the ensemble-median annual runoff
magnitudes. These changes in streamflow seasonality are evident in t